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SYNOPSIS 


MOSSBAUER SPECTROSCOPIC STUDIES OF SOME GLASSES, CU3ALTATES 

AND SUPER SENDUST ALLOY 

UMESH CMAMDFiA JCriRI 
Department of Physics 

Indian Institute of Technology, Kanpur, India. 

August, 1988 

Mossbauer effect is the name given to the phenomenon 
of recoilless absorption or emission of nuclear gamma-rays 
and. it has proved to be a valuable method for studying 
the interactions of atomic nucleus with its surrounding 
atoms. During the last two decades, Mossbauer spectro- 
scopy is being used as a sensitive technique to study 
structural, electric and magnetic properties of 
different materials having interesting technological 
interest. In particular Mossbauer spectroscopic studies 
of glass systems, ferrites, cobaltates and other materials 
have supplemented our knowledge about these materials. 

The hyperfine interaction in these materials gives rise 
to Mdssbauer parameters like isomer shift, quadrupole spli- 
tting and magnetic hyperfine field which can be determined 
from the measured Mossbauer spectra. A systematic analysis of 
these Mbssbauer parameters gives valuable information, 
which when combined with the data obtained from other 



characterization studies, lead us to a better understanding 
of the electronic structure of these systems. Although 


i'-iossoauer spectroscopy can be carried out witii different 


57 

' 'i'viossbauer ' ' nuclei, measurements using Co 


ire 


decay has been found most convenient. In the present 

57 

thesis we have described our Fe Mossbauer spectroscopic 
studies of glass ceramic systems containing magnetic 
phases (viz. yttrium-iron-garnet systems, hexagonal 
ferrites in borate glasses), substituted perovskite 
systems LaCo, Zr„Oo (with x = 0.1, 0.3 and 0.5) and high 
perraeability material Super Sendust - a Fe-Si-Al~Ni alloy 
system. Whereever possible the results of Mossbauer 
spectroscopic studies are combined with other results of 
other techniq'ues like X-ray diffraction, EPR, optical absorption 
spectra, magnetization studies etc. to obtain a clearer 
picture of the properties of materials studied. 

The present thesis is divided into five Chapters. 

The first Chapter provides an introduction to the pheno- 
menon of Mossbauer effect. The origin of I'lyperfine 
interaction is discussed to bring out the role of electric 
monopole intex'action, electric quadrupole interaction and 
magnetic dipole- interaction in j/ossbauer spectroscopy. 

This is followed by a discussion of how the mSssbauer 
parameters like isomer shift, electric quadrupole 
splitting and magnetic hyperfine field are related to 



XX 


these interactions. The phenomenon of super-paramagnetism 
is also discussed briefly. 

fhe experimental methods used in the present v^/ork are 
described in the second Chapter. Different parts of the 
I'.iossbauer spectrometer used by us are described in detail. 
The details of data acquisition, storage and data handling 
systems are explained and the cryostat and furnace used in 
the measurements are also described. Other aspects of 
the methodology used like the optimization of the absorber 
thickness and the consideration of georaetrical effects are 
discussed. The method used by us in deriving the hyperfine 
field distribution from the measured Kiossbauer spectra is 
also explained. The procedure follov^ed by us to prepare 
any particular sample is described separately for each 
specimen in the follo'ving chapter at an appropriate place. 

In Chapter 3 we have presented the results of our 
jvibssbauer and other studies of some glass-ceramic systems 


containing magnetic phases. The silica-based substituted 
yttriuia-iron-garnet (YIG) system in which external 


nucleating agents (viz, 6i2025 


Ag202+AS202 and Pd) 'wore 


added in the base glass and magnetic phases were preci- 


pitated during a controlled heat treatment. These 
speciiaens have been studied with Mbssbauer spectroscopy. }(:• -suits 

'll'’ 

obtained 'by the measurements involving X-rays, £PR, 
optical spectra and magnetization curves are also used 
to interpret the data. Mossbauer parameters of the 



xxi 


as— prepared and the heat treated samples were obtained and analy- 
sed to examine the effects of different composition, nucleating 
agents and heat treatments. It is observed that each of 
these factors effects the process of precipitation of the 
magnetic phase v.fith accompanying changes which can be 
measured by Mossbauer spectroscopy. The behaviour of 
isomer shift, electric quadrupole splitting and magnetic 
hyperfine field is examined closely for all the samples 
stuaied by us to understand the effects of atomic structure 
and hyperfine interaction in these materials. Thus, for 
example, our results give us some idea about the site 
wnere oi ions ger substituted in the garnet lattice. 

Our studies have also indicated which heat treatment is 
more helpful for the precipitation of the YIG phase. 

Auxiliary measurements made by using the EPR and optical 
spectroscopy have helped to understand other aspects of the 
process of precipitation in these systems. 

Second category of glass systems studied by us 
included borate glass systems in which hexagonal ferrites 
(daivi, GrM and PbiVi) were precipitated. These involved the 
systems 35iJa0-40B203-2bFe202, 35Sr0-403203-25Fe203, 

4 /Sr0”28B203”’25Fe203 » and bOPbO— 303202-'20Fe202. The 
heat treatment schedule involving temperature and period of 
the nucleation and crystallization for these samples was 
varied and Mossbauer spectra of such heat-treated samples 
were recorded. The magnetic phase, after precipitation 



gave rise to iViossbauer spectra due to different sublattices. 
For each sample a comparison of spectra from differently 
heat-treated samples was made to determine the optimum 
composition and heat-treatment required for good growth of 
the magnetic phases of L5al'»i, SrM and PbM. It vi/as thus found 
that in 353a0--40B202-25Fe202 systems the choice of nucleation 
temperature 850K/Znand crystallization temperature 1065K/2his 
optimum for the precipitation of Bafi. In the case of the 
composition 35Sr0-40B202-25Fe202 the nucleation temperature 
885 K (for 5 h) and crystallization temperature 1035 K (for 
10 h) was found to be most appropriate for a clear-cut grov^fth 
of SrM phase. A change of the composition to 47Sr0-283202'- 
25Fe202 did not show any iniprovement . The two heat-treatments 
given by us to the system 50Pb0~30B202"20Fe202 did not result 
in any substantial grov/th of the crystalline PbM phase. 

Chapter 4 describes our Mossbauer spectroscopic 
studies of the substituted perovskite system LaCo, ^Zr ,0^ 
with X =0.1, 0,3 and 0.5. These studies have helped 
to understand the spin--and valence state equilibria 
in these compounds. Mossbauer spectroscopic studies 
were suppleniented by X-ray diffraction and magnetic 
susceptibility measurements. Novel feature of the 
Mossbauer studies of these samples v^as the deposition of 
radioactive ^"^Co into the samples so that La^'^Co, ^Zr^O^ 

X "'•X X o 

was used as a Mossbauer source. Using 310 stainless 
57 

steel and ' Fe enriched potassium ferrocynide as 



absorbers, Mossbauer spectra were recorded at 80, 29 b, 50u 

and 700 K while magnetic susceptibility was measured in 

the temperature range 300-800 K. The system with x = 0,1 

was observed to show results different from those for 

X = 0.3 and C.b and this behaviour could be due to the 

effects of the substitution of Zr ions. The Mossbauer 

data have enabled us to identify various spin states for 

different x at each temperature. Similarly the area under 

various lines in the Mossbauer spectra has helped us to 

3+ 

estirnate the relative population of the Co state with 
respect to other states of cobalt. The temperature 
variation of this population for different x-values and 
temperatures shows a general agreement 'with the results 
observed in the magnetic susceptibility measurements. Some 
suggestions are made about the li!:ely mechanisms involved 
in the changes between different spin states of cobalt in 
the LaCo^_^Zr ,^02 system. 

In the last Chapter the ifossbauer spectroscopic 
and X-ray diffraction studies of the so-called ' 'Super 
Sendust'' alloy of the Fe-Si-Al-Ni system are described. 
Super Sendust is a new high permeability raagnetic alloy 
having several interesting technical applications. The 
alloy studied by us had the composition 2.96 wt /: Ni, 

5.0 wtX Si, 3. 87 wtX A1 and 88,17 wtX Fe. M&ssbauer 
spectra of these samples were measured at 80, 293, 380 
486, 600, 700, 800, 900, 913, 918 and 926 K. Around 



XX 


918-926 K the spectrum reduced to a single line indicating 

that the magnetic ordering temperature for this sample 

is T = 926 + 1 K. Belov; this temperature (T < T ) the 

iViossbauer spectra could be analyzed into 4 sextets for 

which the Mbssbauer parameters, hyperfine field distribu- 

57 

tions P(H) and average value of at the Fe nucleus 

were determined. 

It is hoped that the measurements carried out in 
these glass ceramics, LaCoj^_^Zr^02 compounds and Super 
Sendust alloy have helped to extend our present under- 
standing of these systems. 



CHAPTER 1 


INTRODUCTION 


1.1 INTRODUCTION 

In 1958 Rudolf Mossbauer [l] reported that nuclei 
bound in solids may emit or absorb garnma-ray photons without 
any recoil energy transferred to lattice vibrations. This 
phenomenon of recoilless emission and absorption of nuclear 
gamma rays is known as Mossbauer effect (ME), Soon after 
this discovery it was realized that ME provides a simple 
but precise technique for measuring relative changes in 
nuclear energy levels which are typically of the order of 
1 part in 10^^ when ^"^Fe are used as Mossbauer atoms 
(nuclei). Here the term "Mossbauer atom" refers to the 
atom whose nucleus is involved in emission or absorption 
of gamma ray photons. This high resolution (10 ) 

allows the observation of the hyperfine interactions of 
the nucleus with its surroundings which, in turn, provides 
informatiqn about the electronic structure of the relevant 
atom and its environment. These features have rendered 
Mossbauer spectroscopy (MS) as an attractive and powerful 
tool in studying different kinds of problems in diverse 
discipline's like solid state physics, chemistry, metallurgy, 
biology, geology, theory of relativity etc. The parameters 
measured fro^ MS and the relevant information obtained 
from them are' outlined in Table 1.1, 
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In the present chapter we shall describe briefly 
the basic principles of MS and hyperfine interactions (HI). 
A detailed discussion of these topics will be found in 
several excellent reviews and books [2-8]. 

In 1905 Wood discovered that when sodium vapour 
is irradiated with sodium light it starts glowing. This 
phenomenon known as atoiaic resonance fluorescence occurs 
when photons in the incident sodium light have the 
precise energy required to raise the atom in the sodium 
vapour to their excited state as shown in Fig, 1.1, The 
excited atoms deexcite via reemission of photons which 
cause the glowing of the vapour. In 1929 Kuhn performed 
a similar experiment in which he irradiated a piece of 
lead with gamma ray photons from a thorium~C source. The 
aim of this experiment was to excite the lead nuclei so 
that nuclear resonance fluorescence could be observed. 

The fact that Kuhn did not observe any such effect was 
attributed to the recoil-energy loss, which is given 

by 




( 1 . 1 ) 


and which denotes the energy transferred to a free atom 
of mass M when a photon of energy Epj^ is either emitted 
or absorbed. As a result of this process of- recoil, the 
actual energy of the emitted photon is changed from the 
transition energy E^ to a value Ep|^ = E^ - Ep, Thus Epj^ 
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(a) 


^ ^ 
'atom" 'ph 


Ep-^ 

2MC2 


§1 

2MC^ 



Atom of mass M 
8c mean energy 
Eo at rest 

(b) 


_ Eph 
C 

Momentum of Photon 

Eph = Eo —Er 
\ 

Photon energy 


B 


Eo 


Eph= Eq-Er 


Source 


(c) 


Eo 

a 

To excite atom 
Eph should be equal to 

[Eph = Eo + Er 


Absorber 


Fig.l.l(a) Intensity 1(E) of spectral line as a function of 
transition energy Eq 

(b) Atom at rest when emitting q photon receiving 
recoil energy Er 

(c) The schematic energy level diagram of free atom 

or nucleus. The source photon may excite absorber 
atom if En « P 




is less than t!ie energy (E^ + Ej^) which is required to 
excite an atom in the absorber. 

In case of atomic transitions involving electrons 
Ep^ << '••• where is the natural linewidth (which is a 
measure of the uncertainty in transition energy). One 
can^ therefore, write E^ for atomic transitions and 

can observe atomic resonance fluorescence in gases easily. 
In the case of nuclear transitions, however, >> p and 
one can write Epj^ < and it is not possible to observe 
nuclear resonance fluorescence. These facts are illustra- 
ted in Fit; . 1.2 and Table 1.2. 

Mossbauer found out that when the' recoil energy 
Ep is large compared to the binding energy of the atom in 
a solid, the atom will be displaced from its lattice site 
and the free-atom analysis given above will be correct. 

On the other hand, if the free atom recoil energy Ep is 
smaller than the atomic binding energy, the atom, will 
remain at its site. In such a case the crystal as a whole 
receives the recoil momentum. The recoil energy will then 
be dissipated by exciting lattice vibrations (i.e. 
creation of phonons). However, a situation is possible 
when no phonon is created when the momentum ■fik of the 
gamma-ray photon is smaller than the uncertainty (ap) 
in the momentum, Ap /^Vax, of the atom along the 
direction of gamma ray propagation. Here ax is the 
uncertainty in the position of the atom along the gamma 




Eo-Er Eo Eo*Er Energy 


“iq. 1.2 Overlap of the emission and absorption lines 

^ * S Q 

showing the relation between Eo,Ey,Eyand for 
two cases: (a) optical case «r and 
(b) nuclear case Ef^^ P • 



7 


TABLE_lj^2 


A typical example of atomic and nuclear transitions 


Physical quantity 

Symbol 

Na D lines ^"^Fe, 14.4 keV 
-transition 

Units 

Transition energy 

E 

0 

2 

14.41x10® 

eV 

Mean life 

T 

1.6x10"® 

1.4x10"® 

S 

Recoil energy 

U 

“-R 

1.0x10"^° 

1.9x10"® 

eV 

Natural line width 

r 

3.9x10"® 

4.7x10"^ 

eV 

Conclusion 


®R < ^ 

Er » r 
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ray propagation direction. Thus the probability for a 
" zero-phonon'' process is expected to be appreciable when 

lik < Ap [9]. 

A more detailed analysis [3-8] shows that the 
probability for the lattice remaining in the same vibra- 
tional state (i.e. zero-phonon process) after the emission 
of the gamma ray photon at temperature T is given by f(T) 

f(T) = exp(~ < x^ >j) (1.2) 


2 

where <x is the expectation value of the squared 
vibrational amplitude in the direction of propagation of 
the gamma-ray photon at a temperature T. The Debye model 
for solid leads to the following expression for the 
recoilless fraction f(T) 


f(T) = exp[- 


6Er 


-1 T 2 x 


dx? ] ( 1 . 3 ) 


where k^ is the Boltzman constant and 0j^ = hco^/kg is the 
Debye temperature. Above eq, (1.3) reduces to the 
following approximate expressions 


f = exp[- 


(3 ^ 1,^)] for T « 0Q 


6EpT 

= exp[- - — -^] for T » 0^ 




(1.4a) 


(1.4b) 


Following conclusions about the recoilless fraction f can 
be drawn from the above formula 
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(i) f increases with decreasing recoil energy E (i.e. 

R 

decreasing transition energy E^), 

(ii) f increases with decreasing temperature, 

(iii) f increases with increasing Debye temperature 9^. 

One may consider to be a measure of the strength 

of the bonds between tihe Mossbauer atom and the lattice. 

The factor f(T) is generally called the Debye-V>/aller 

factor or Lamb-Mo ssbauer factor. 

In the spirit of above discussion it is obvious 

that the main requirements of suitable Mossbauer nuclide 

are low transition energy (generally in the range 

10-150 keV) and high Debye temperature 9^, Taking into 

57 

account other experimental difficulties, Fe has been 

found to be the most suitable nuclide. To date, about 75>< 

of the Mossbauer spectroscopic studies have been carried out 
57 

using Fe Mossbauer nuclides alone, while the Mossbauer 

effect has been observed for 100 nuclear transitions in 

about 80 nuclides distributed over 43 elements in the 

57 

periodic table. In the present study we have used Fe 

57 

as Mossbauer nuclide. The important parameters of Fe 
which make it the most suitable and popular Mossbauer 
nuclide are listed in Table 1,3 [5,10], 

1.2 HYPERFINE INTERACTIONS 

The hyperfine interactions (HI) are the result of 
interaction between nuclear moments and electromagnetic 
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TA3L E 1,3 

Parameters for the 14.4 keV Aiossbauer transition in 

1) . Isotopic abundance = 2,14 

2) Energy E = 14.41303 (8) keV 

3) Half-life, = 97.81 (14) ns 

4) Ratio of the excited and ground state nuclear magnetic 

moment, R = - 1.7145 (5) 

\x 

5) Nuclear magnetic dipole moment of the excited state = 

[j, = - 0,15534 (5) nm 

6) Nuclear electric quadrupole moment of the excited state 
0 = + 0.209 (15) barns 

7) Total internal conversion coefficient, Uj = 8.21 (i2) 

8) Debye temperature, = 440 K 

9) Mossbauer cross section = 256 (3) x 10~ cm 

10) Mossbauer linewidth (theoretical full width at half 
maximum)r= 0.1940 mm sec ^ 

11) Recoil energy, = 1,957x10 ^ eV 

12) Conversion factor 1 mm sec ^ = 11.6248 (l) MHz. 



11 


field at the nucleus which is produced by the surrounding 

electrons and ligands when a nucleus is bound in solids. 

—6 -=*9 

The interaction energy is small (10 - 10 eV) and hence 

the name ' 'hyper fine ’(^•:f)int erection. 

In MS one measures the interaction energy which is 
the product of two terms. One term arises due to the 
nuclear moment (a nuclear property) and the other arises 
due to the extranuclear charges and currents (an electronic 
property of the compound). The total Hamiltonian for 
nucleus with HI may be written as 

H = Hq + ^2 ^ ^‘1 order terms (1.5) 

where 

H^ = the nuclear Hamiltonian (this part has no relevance 
to MS and this excludes HI). 

= electric monopole interaction (this part gives rise 
to isomer shift (IS)), 

E2 = electric quadrupole interaction (this part gives rise 
to quadrupole splitting (QS)) 

= magnetic dipole interaction (this part gives rise 
to nuclear Zeeman effect). 

The three interactions arising out of the parts 
E^, E2 and M^ are the only interactions studied so far 
(singly or jointly) with MS. The electric dipole (Ej_) 
interaction is ruled out on symmetry considerations. The 
interactions of higher order (M3, E^ etc.) are negligible 
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because their interaction energies are too small to be 
resolved by IVIS. 

1.2,1 Electric Ivionopole Interaction 

The electric monopole interaction (EMI) affects the 
position (or the centroid) of the resonance line on the 
energy (or velocity) scale thus giving rise to the so-called 
isomer shift (also known as chemical shift). The EMI results 
from the electrostatic interaction between the charge distri- 
bution of the finite-sized nucleus and those atomic electrons 
v/hich have a finite probability of being found in the nuclear 
region. The electric monopole interaction energy should, 
therefore, be proportional to the product of parameters 
describing the nuclear size and the electronic charge 
distribution. 

In general, in MS, the Mossbauer nuclei in the 
source and absorber are the same (i.e, the nuclear property 
does not change) but the environment of the Mdss-sbauer 
nuclei in the source and absorber differ. This leads to a 
difference in the transition energy for the source and 
absorber and no resonance will occur between them. In 
order to observe the resonance between the source and 
absorber the transition energy in the Mb-ssbauer nuclei 
should be modulated either in the source or in the absorber. 
Such a modulation of transition energy is accomplished by 
providing a velocity (which can lead to a Doppler energy 
shift) to either the source or the absorber. The resonance 
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will take place at a certain velocity v if the modulation in 
the transition energy is equal to the hyperfine interaction 
energy such that 

where the superscripts s and a refer to the source and 
absorber respectively, Ey is the transition energy of the 
Mossbauer nucleus and v is the velocity given to the source. 
This is illustrated in Fig. (1.3), 

The isomer shift (IS) is the energy difference of 
electric monopole interaction energy between source and 
absorber (or between an absorber and some standard sample 
like a-Fe, sodium nitroprusside etc, depending on the 
choice of the reference of IS scale) and it is given by 
the formula 

(1.7) 

where 

Z = atomic number of the Mossbauer nucleus 
e = electronic charge 

R ,R = radius of the excited and ground state of the 
e ’ g 

Mossbauer nucleus respectively 
cors = with respect to the source 

1 W(0)j^, 1 ^(O)!^ t the density of atomic s-electrons at 

the nucleus in the absorber and source respectively. 


I 



11 


1 = 1/2 


Source(S) 


Absorber ( A ) 


I.S. = E°-E = 


Fig. 1.3a Effect of monopole interaction on the energy 
levels of source and absorber. 


i.s.= e5- e®. 



Velocity (mm/ sec) 


Mossbauer spectrum showing monopole 
interaction. 
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In general the IS is measured with respect to some standard 
absorber^ say a-Fe^using the units ram s”^ and it is given by 
the formula 


IS 


oj . r . a-F e 


/ 4 % C \ _ 2 rj,2 0^1 
(gg^-) Ze [Rg - Rg] 

X [| ?'(0)|^- I '5'(0)|^_Pg] mm (1.8) 


Where c = velocity of light in mm s 
E.^ = transition energy 

2 . 

j ^(0)l(;v„Pg = s-electron density at the Iviossbauer 

nucleus in the standard absorber a-Fe. 


In the literature, the results for the IS data are quoted 

with respect to different source or different absorber. 

Information given in Fig. 1.4 [ll] facilitates the 

conversion from one standard absorber to another. 

It is clear from the above discussion of EMI that 

different oxidation or valence states of Mossbauer atom 

2 . 

will lead to different values of j ^(0)|g at the nucleus 
and hence will result in different IS, This is illustrated 
in Fig. 1.5 [s] and Table 1,4 [12] for Fe Mossbauer 
atom. Wot only the valence state, but -the different coordi- 
nation number for the Mossbauer atom will also lead to 
different j ^^(0)1^ at the Mossbauer nucleus. We have 
shown in Fig. 1,6 [9] the plot of the IS for ^"^Fe ATossbauer 

57 

atom against the Fe coordination number for high and low 
spin compounds and minerals. The arrow marks on the boxes 
indicate the possibility that values outside the boxes 
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Source 


Negative 


Positive 


SNP = Na2Fc(CN)5N0.2H20 
SFC = Na4Fe(CN)6.10H20 
PFC = K4Fe(CN)6.3H20 
SS = Stainless steel 

Fig. 1.4 Data for the ®^Fe isomer shift with respect to natural iron(<-Fe) 
at room temperature. Units of the IS values are mm sec”^ and the 
signs of the velocity for the source are to be read from the bottom 
row while the signs of the velocity for the absorber are to be read 
from the top row. 
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Table 1.4 Approximate ranges of isomer shift observed in 
iron compounds at room temperature (300 K) with 
respect to 310 SS [l2]. 


Iron state 

Spin 

S 

Isomer 

(mm/: 

shift 

sec ) 

Fe^"^ 

3/2 

1.90 

- 

2.02 

Fe^"^ 

2 

0.65 

- 

1.45 

■c^ 34- 
r e 

5/2 

0.10 

- 

0.51 


2 

-0.23 

- 

0.07 

Fel 

1/2 

0.04 


0.27 

r=II 

r e 

1 

0.21 

- 

0.43 

F e 

0 

-0.34 

- 

0.31 

F e 

1/2 

-0.26 

- 

0.27 

Ill 

re 

3/2 

0.12 

- 

0.26 

F e 

1 

0.01 

- 

0.27 

T-^VI 

Fe 

1 

-0.98 

— 

CO 

CO 

• 





Velocity (mm sec“b 


Fig, 1.6 Review of Mossbauer parameters (a) IS ( isomer 

shift) and (b) AE (quadrupole splitting) for iron plotted 
against the coordination number for ’ionic' high spin and 
low spin compounds and minerals. Arrows indicate that 
the values outside the range of boxes have been observed 
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may also be found. 

In addition to the IS, Mossbauer spectral lines also 
exhibit a temperature' shift, if the source and absorber are 
kept at different temperatures. This shift arises from the 
fact that at its lattice site the Mossbauer atom has 
sufficient mean square velocity depending on the temperature 
of the solid (arising out of the thermal vibrations of 
atoms in solids) and hence it is a function of mean square 
velocity of the Mossbauer atom in solid. This phenomenon 
is known as second order Doppler effect and the temperature 
shift is called the second order Doppler shift (SODS). The 
total shift in energy of the Mossbauer spectral lines can be 
written as 


"^total ^IS '^SODS 


(1.9) 


At a finite temperature T, the Debye Model of the 
solids leads to the following expression for ^SODS “ 

®SODS ^ A' ^ ^ > ®D (1.10a) 

= _ 9 h?D [-j_ ^ ^ j « 9 (1.10b) 

Mc^ ^D ^ 

At a temperature which is much lower than the Debye tempe- 
rature of the lattice the SODS becomes vanishingly small 
and depends on the relation between T and 0^, In viev; of 
the above discussion, it is clear that contributions from 
SODS should be taken into account while interpreting the 
temperature dependence of IS, 
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1.2.2 Electric Quadrupole Interaction (EQI) 

In the previous discussion of the EMI it was assumed 
that the nuclear charge distribution is uniform and spheri- 
cally symmetric. However, in reality, the nuclear charge 
distribution deviates from spherical symmetry if the spin 
quantum number of the nucleus I > 1/2 and therefore 
possesses electric multipole moments {2 , where t is an 
even number). Let us consider only the electric quadrupole 
moment which is given by 

o 

Q. . = J P (r) [x. X. - 6. . r 1 dc d.^, ^ ixdy'iz (l.ll) 

where is the nuclear charge density at the point r, 

(x^, X j ) are the ©artesian coordinates of position vector 
r and 6^^ is the ICronecker symbol. The quadrupole moment 
given by (l.ll) is described in an arbitrary coordinate 
system.. If one rotates the coordinate system such that 
all off-diagonal terms of are zero, then eq. (l.ll) 
reduces to the follov;ing expression 

Q = “ / P^(r) (3z^ - r^) dx ; sinsde 

= “ / P^(r) r^ (3 cos^e - 1) dr (1.12) 

The coordinate system in which the quadrupole moment 
tensor has the above form is known as principal coordinate 
system. 

Electric field gradient (EFG) ; When Mb’ssbauer nucleus 
occupies ;a non cubic site in the lattice, it may experience 
an electric field gradient (EFG) which is produced by the 
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extranuclear charges (electrons and lattice charges arranged 
in non-cubic symmetry) and given by the formula 




q(3ij - r 




-5 


(i»j = x,y,z) 


(1.13) 


where V is the potential at the nucleus due to charge q 
outside the nucleus. In the system of principal axes only 
the diagonal terms of will exist and if one chooses 

|V 1 > |V I > jv I , the EFG can be described by only two 
independent parameters 

i) o electric field gradient in the z-direction of the 

system of principal axes. 

ii) T) ; Asymmetry parameter defined as follows 


V ~ V 

^ ^ 0 < Ti < 1 


(1.14) 


The total expression for EFG can be written as [3-7] 


V,, = (1 - -ij + (1 - FtXv^Pval 


(1.15) 


where and R are known as Sternheimer factors arising 

from the fact that (^^z^lat contribution to EFG from 

external charges of Mbssbauer atom) and (^^z^val 
contribution to EFG from the valence electrons and 
partially filled inner electron shells of Mbssbauer aboTn ) 
polarize the spherically symmetric inner electron shells 
and alter the total EFG respectively, 

Quadrupole splitting 5 The quadrupole moment eQ of the 
nucleus interacts with EFG at the nucleus. The interaction 
energy which is proportional to the product of a nuclear 
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parameter (eQ) and an atomic parameter (EFG), is measured 
in the Mossbauer spectrum and is known as quadrupole 
splitting (QS). The interaction Hamiltonian of electric 
quadrupole moment and EFG can be written as [3-7] 

Eg = [3 - I + h (I^ - I )/2] (1.16) 

where I = nuclear spin operator 

I, = I -i- il = shift operators 

+ X Y 

ly., ; nuclear spin component operators. 

The energy eigenvalues of operator Eg corresponding to 
the eigenvector jl mj> is given by 

Eq = [3mj - 1(1+1)] [l+h^/3]^/^ (1.17) 

where m^ = I, I-l, -I, is the magnetic spin quantum 

number. For a four fold or three fold axis of symmetry 

passing through the Mossbauer nucleus as the center of 

symmetry, and p = 0, the EFG in this case will be 

axially symmetric and the electric quadrupole interaction 

energy is given as 

©Q V o 

Eq = wrffy 

57 

Let us consider the case of Fe for the transition 
I = 3/2 I = 1/2 

i) For I = 1/2, Q = 0 and this leads to No change in the 
ground state 
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ii) For I = 3/2 eq, (1.18) leads to the splitting of the 
level into a doublet with the energy shifts given by 

= + 3/2) = ^ eQ for I = 3/2, = + 3/2 

= ± 1/2) = - i eQ for I = 1/2, m^- = + l/2 

(1.19) 

and the energies of the tv>;o substates become (E ^ eQ V^^) 

and (5 ^ eQ V^^) as shown in Fig. 1.7. In i\lS studies 

one normally uses a socalled single line (or unsplit) source 
57 57 

of Co Fe which gives photons of energies ^source 

In order to observe the QS (if it exists) in the absorber, 

one should modulate the energy of the source (absorber) by 

providing it Doppler velocity equal to (+ eQ V^^/4) and 

EMI energy 6 , With ^"^Fe (I = 3/2, 1/2) therefore the 

Mossbauer spectrum will show two absorption lines at 

velocities '^^(2) that 

eQ V,, 

n(2) = —7™ (C/E^) (1-20) 

The QS energy (aE) for the absorber is given as 

aE = I eQ - {- .i eQ ^ eQ (1.21) 

Measurement of quadrupole splitting energy ( ae) 
in the Mossbauer spectrum provides valuable information 
about the sample under investigation. One can determine 
the valence state of the Mbssbauer atom, its coordination 
nuraber etc. (Fig, 1,6b) by measuring the AE values from 
the Mbssbauer spectrum. A study of the temperature 



ig.1.7 Effect of the quadrupole interaction on the nuclear energy 
levels of source / absorber and the resulting Mossbauer spc 
trum showing the quadrupole splitting and isomer shift . 
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variation of aE can be used to investigate temperature 
induced structural or chemical phase changes, V'Jhen a single 
crystal is used as a sample under investigation (or by applying 
external magnetic field to the powdered sample) the 
direction of eQ can be determined by measuring the position 

intensity of the resonance lines. 

1.2.3 Magnetic Dipole Interaction 

Nuclei with spin I > 0 possess magnetic multipole 
moments (2^, 1 = odd number). Here one can consider only 
the magnetic dipole moment which is given by 


p = % Pn ^ 

where g^^ is the nuclear Lande splitting, g factor and 
= eh/2M = nuclear magneton. 

The effective magnetic field, at the Mossbauer 

nucleus is 


*'eff 


^ext 


H 


int 


(1.23) 


where is the externally applied magnetic field and 

is the internal magnetic field having contributions 
from three terms as given below 


H 


int 


= 4 - 




H 


(1.24) 


where H = Fermi contact field which arises from a net s 
c ™ 

electron spin density at the nucleus as a consequence of 
spin polarization of inner filled _s-shell by spin polarized 
partially filled outer shells. 
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= contribution from the orbital motion of valence and 
partially filled inner shell electrons 
Hd = spin dipolar term arising from the spin of the 
electrons outside the iviossbauer atom. 

Magnetic splitting s The magnetic dipole moment p. can 
interact with an effective magnetic field at the 

nucleus. The Hamiltonian for this interaction (which is 
also called magnetic dipole interaction or nuclear Zeeman 
effect) is given by 


~ ^eff ~ “^N^N ^■'■^eff 


(1,25) 


The energy eigenvalue of corresponding to the eigenvector 
jl mj> is given by 

^ ~ “^N^N ^ (1.26) 


It is obvious from eq, (1,26) that this interaction causes 
a nuclear state |l mj> to split into (21+1) substates ([l raj> , 


ll mj-l> 1 1 -mj>). 

57 

Let us consider the case of Fe in which there is 

a transition between the states jl = 3/2 mj> and |l = 1/2 mj>. 

The state I = 3/2 will be split into four substates with 

an energy splitting which is p H m-r /I. with respect to 

e Xg e 

the energy of the unperturbed (or unsplit) state. Similarly 

the state I = 1/2 will be split into two substates with an 

energy splitting of (m.„ H /I^). In the above discussion 

g g y 

the suffixes e and g refer to the excited state I = 3/2 
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and the ground state I = 1/2 respectively. This is shown in 

Fig. 1.8, Taking into account the selection rule Anij = 0?±1 

the transitions for I = 3/2 to I = 1/2 give rise to six 

^ y 

symraetric lines with respect to the centroid. The centroid 

in the spectrum is the position of spectral lines if the 

I = 3/2 and I = 1/2 were not split. 

^ 9 

The relative intensities of all six resonance lines 

depend on the values involved in the transitions and the 

relative angle © between the quantisation axis and the gamma 
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propagation direction. In the case of Fe, the relative 
intensities of the six lines are in the ratio [7] 
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where Z = 4/(1 + cos^©). 

For polycrystalline (powdered) samples all orientations are 

equally probable and the averaging over © gives Z = 2, 

In order to observe the Zeeman splitting in the 
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absorber (if it exists), a source ( Co) which emits photons 
of energy (E^ ± + ^ ) is used and the energy of the photon 

is modulated by providing the source (absorber) with a 
Doppler velocity v given by 
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v(mj , m- 

■^e 


g 




(1.28) 
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Fig. 1-8 Effect of magnatic hyperfine 

..interaction on energy levels of ®Ve. 
Peak positions of the six-finger 
pattern are shown at the bottonrt. 
(C = Centroid) 



Fig. 1-9 Effect of weak quadrupole interaction 

and a strong magnatic interaction on 
57 

the energy levels of Fe. The numbers 
1 to 6 refer to those in Fig. 1-8 . 
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By measuring the positions of the resonance lines in 
the Mossbauer spectrum we can find out H 


*eff 


H at the ^'^Fe 


nucleus as follows 
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ligH/(l/2) (1,29) 

(.,(1 3 . 1 lx ^ /3 1 . 1 l ^^ 

( v (2 2 '^ 2 ‘ 2 ^ - v (^^->2 2 )) 


= PgH(3/2) (1*30) 


The value of p = 0,0903 + 0,0007 has been determined 
[l3] with the help of other techniques. Using the values of 

p 5 E , c e-tc, in eq, (1.29) one gets the value of H as 

y o 


H = 0 , 843 X 10 ^[v('2 ^) 


.^3 1 1 1m 

'/(o ~ 2 '-{-v j. 1 

z z z z Oersted 


H =0.843 X 10 [L^ - L^] x calibration 

constant (mm s ^ channel '^) Oersted 
where and Lj^ are the positions of the third and fifth lines, 
The study of effective magnetic fields at the nuclear 
sites has been very useful for understanding the magnetic 
properties of solids at atomic scale. The value of the 
magnetic moment of the excited state can also be determined 
(eq. 1.30) with the help of Mossbauer spectroscopy. 


1,2,4 Mixed Magnetic Dipole and Electric Quadrupole 
Interaction 

57 

In magnetic materials, if the Mossbauer atoms ( Fe) 
occupy the site of non-cubic symmetry, the Mossbauer nuclei 
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experience EFG as well as The general theory of combined 

magnetic dipole and electric quadrupole has been discussedin sever 
books [5-7] and papers [14-16], Here we shall consider the 
special case, the 3/2 -^1/2 transition in the limit when 
electric quadrupole interaction E 2 is very much smaller than 
the magnetic dipole interaction Mj, (E 2 << Mj^), In general 
the axis of the principal component of the EFG forms an 

angle p with the axis of txhe magnetic field. Assuming the 
EFG tensor to be axially symmetric ,i.e. r) = 0, a first order 
perturbation treatment yields the general expression for 
the eigenvalues of the nuclear sublevels. 

jm, 1+ h eQ V 2 

Em .£ 2 ^^’”^!^ ('— “-^)(3cos i5-l) 

... (1.31) 

It is obvious from eqn, (1,31) that the sublevels 

eQ V 2 

j3/2 + 3/2> are shifted by an amount (■“--g--^) (3cos p-l) 
to the higher energy and sublevels |3/2 + l/2> are shifted 
to the lower energy as shown in Fig. 1.9. As a result the 
six -line spectrum will not be symmetric with respect to 
the centroid. The sublevels spacing and thus the asymmetry 
of the spectrum are directly correlated to the sign and 
strength of the Hence by measuring the spacing and 

asymmetry, one can find out the sign of the EFG of a poly- 
crystalline sample from a magnetically split Mossbauer 
spectrum. 
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1.3 SUPERPARAjVIAGNETISM 

So far, it is assumed that the HI are time independent. 
However, the electron spin may flip from j+ to |- •^> 
state and as a result the magnetic hf field at the nucleus 
turns over an angle of 180°. The Larraor frequency of the 
nucleus o.^ is a ineasure of the time required by the nucleus 
for recognizing the direction of the hyperfine field. In 
most situations one of the extreme cases is encountered. 

(a) tOp^ << cOp, vt/here is the frequency of the electron spin 

flip. The electron spin will not flip during one 
Larmor preci^sion of the nucleus. Therefore, the 
nucleus experiences a stationary hyperfine field. 

(b) ojp >> ooj^, during one nuclear Larmor precession, many 
electron spin flips take place- and the nucleus experiences 
an average zero field. 

In ultrafine particles of ferri, ferro and antiferro 
magnetically ordered substances the magnetization and 
therefore may fluctuate very fast by thermal excitation. 

Due to anisotropies each magnetic single domain particle 
may possess more than one easy direction . for the magnetiza- 
tion vector. In all small isotropic particles all easy 
directions are equally probable for magnetization. The 
magnitude of relaxation time t [17] depends on the balance 
of energies KV (anisotropy energy) and k^T (thermal energy) 
given as follows 

17=— exp(|^) (1.32) 

o B 

-f — vlallar i-acidY . 

'^0 



where 

K ; a constant describing the lattice anisotropy 
V s volume of the particle. 

For KV/kj^T < 25, the themmal fluctuations of the magnetization 
vectors take place without showing hysteresis effect [l8] and 
the nucleus experiences zero hyperfine field. This phenomenon is 
called superparamagnetism. 
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CI-iAPTER 2 
5XP£RIivi£ NTAL i^ftETHODS 

2-.1 INTRODUCTION 

In this chapter we shall describe the experimental 
set up (Mossbauer spectrometer etc,) used in the present 
work. We shall provide brief outline of our apparatus and 
shall underline those important aspects of the experimental 
technique (e.g-, efficient functioning of the iuossbauer 
spectrometer, thickness of absorber, geometrical effects etc-.) 
which are necessary to obtain a good mossbauer spectrum. The 
procedure followed for the analysis of data is also described, 

2.2 MOSSEAUER SPECTROMETER 

Mossbauer spectrometers have been standardised during 
the last two decades. Essentially a Mossbauer spectrometer 
consists of the following units ; 

(i) Source of garnma-ray photons which can emit recoil-free 
gamma-ray photons that are capable of exciting the 
nuclei in the absorber under study, 

(ii) Mossbauer drive which can provide relative velocities 
between the source and absorber, usually v,;ith a 
constant acceleration. 


(iii) Absorber. 
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(iv) Gamma-ray detection system. 

(v) Data acquisition, storage and handling system. 

(vi) Cryostat and/or furnace system which can maintain the 
absorber and/or the source at different temperatures. 

An appropriate and optimum combination of the above 
parts forms a good Mossbauer spectrometer. The schematic 
block diagram of the Mossbauer spectrometer used by us is 
shown in Fig, 2,1, 

2,2.1. Gamma-ray Photon Source 

In the present work Mossbauer studies have been 

carried out in two different ways. In the first method we 

57 

used a ’’single-line source'' of radioactive Co diffused 

in Rh matrix as the Mossbauer source. Different samples 

under study were used as Mossbauer absorbers and Mossbauer 

spectra of these samples were recorded in the transmission 

57 

mode. In the second method, solution of radioactive Co 
(as ^'^CoCl^ was diffused into the material under study 
(cobaltates, details given in Chapter 4) and these samples 
were used as Mossbauer sources and Mossbauer spectra in 
transmission mode were recorded using stainless steel 
(SS 310) and potassium ferrocynide as Mossbauer absorbers. 

In the remaining part of the chapter, however, our discussion 
will be limited to the first method i.e. use of single-line 
source as wiossbauer source. The desirable properties of 
a single-line source are as follows : 
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Data Storage System 


Fig. 2-1 Schematic block diagram of Mossbauer spectrometer. 
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(i) The source material should be deposited in a host 
matrix which should be chemically inactive and stable. 

(ii) There should be no EFG or H at the source nucleus, 

(iii) The recoilless fraction in the given source matrix 
should be large, 

(iv) The source material should be deposited in a thin 
foil over a small area to keep the line-broadening 
to a minimum. 

(v) Radiation not contributing to the ivlossbauer effect 
(such as characteristic X-rays and other gamma rays) 
should have a minimum contribution in the energy 
window selected for the Mossbauer ’signal’ radiation. 

In our experiments we used as Mossbauer source a 

57 

radioactive source of Co deposited in 6 pm thick rhodium 
metal foil. Its initial activity was 25,5 mCi and it had 

at z^3k. 

a recoil-free fraction equal to 0.76j^ This source was 
purchased from Mew England Nuclear Inc., U.S.A. and its 
properties came close to the ideal specifications mentioned 
above, 

2,2,2 Mossbauer Drive 

The Mossbauer drive consists of a velocity 
transducer, function generator and power amplifier. The 
modern Mossbauer velocity transducer [l-2] is based on 
principle of two mechanically coupled loudspeakers. The 
velocity transducer consists of rigidly connected (driving 
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and pick-up) coils wound on the same holder. The permanent 
magnets produce a homogeneous magnetic field (in the air 
gap of the coil system) which is constant within few parts 

A 

in 10^ along the axis of motion. The constant magnetic 
field ensures a high linearity of the driving system. The 
magnetic induction is approximately 0.25 tesla. The func- 
tion generator produces a reference signal which is fed 
to the power amplifier. The output of the power amplifier 
which is proportional to the^ ideal velocity of the transducer, 
is provided to the driving coil. The actual velocity is 
sensed by the pick-up coil in the form of pick-up signal. 

The difference between the reference signal and the pick-up 
signal is known as the difference (or error) signal. This 
difference signal is proportional to the deviation of the 
actual velocity from its correct (stipulated) value. Ihe 
difference signal is amplified and fed back to the driving 
coil through a feed-back loop amplifier to minimise the 
deviation from the ideal velocity. 

Out of the two Mossbauer spectrometers used in the 
present work, one uses the velocity transducer (Model ^-260), 
the function generator (Model DFG— 1200) and the driving 
unit (power amplifier, Model MR— 360), all manufactured by 
y\/issel, \'Vest Germany. The schematic diagram of the velocity 
transducer is shown in Fig. 2,2, The other Mbssbauer 
spectrometer consists of a velocity transducer which was 
designed (see Fig, 2,3) and developed [3] in our laboratory 
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1-Pickup coil, 2- Permanent magnet , 3-Drivc coil, 4-Guide spring , 

5- Electrical feed through, 6-Connecttng tube, 7-Magnet yokes, 8-Coi! shell, 
9-Flange for mounting source. 

Fig. 2.2 Electromechanical Transducer. 



Fig. 2-3 Schematic block diagram of the ekctromcchanicat transducer used in the 
Mdssbauer spectrometer. 
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but built by M/s Encardio Rite, Lucknow, India, The function 
generator used in this spectrometer was Model MFG-30 built 
by Gyanic Instruments, India while the power amplifier was 
designed and fabricated in our laboratory. The basic 
principle of both the transducers was same with some slight 
differences. While recording the Mossbauer spectra care 
was taken to use the same spectrometer for the same family 
(type) of samples. 

2,2,3 Absorbers 

Two different types of absorbers were used in the present 

work. The first type comprised of the standard absorbers 

which were used to calibrate the Mossbauer spectrometer and 
57 

to study the Co source deposited in the cobaltate samples 
while the second type of absorbers were the samples under 
investigation. The standard absorbers of the first type 
consisted of (i) natural iron foil (25 pm thick) (a-Fe), 

(ii) 310 stainless steel (310 SS), (iii) enriched potassium 
ferrocynide (PFC), (iv) sodium nitroprusside (SNP) and 
(v) ferric oxide (a-Fe202). All these standard absorbers 
were obtained from the Amersham International Ltd. , Amersham, 
U.K, 

The sample absorbers under investigation were prepared 
in the following manner. About 30 to 40 mg of powdered material 
under study was spread uniformly on a circular area of 1 cm 
dia. on a cellotape (scotch tape) and covered by another 
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layer of cellotape to form a ’sandwich' absorber. Sample 
absorbers which needed rneasurements at high temperatures 
were prepared by making a sandwich absorber betv/een the 
layers of mica or aluminium foils. 

2,2,4 Gamma-ray Photon Detection System 

Gas-filled sealed proportional counter (PC) was used 
to detect the gamma-ray photons transmitted by the absorber. 
The PC receives the gamma-ray photons and converts them 
into linear charge pulses (electrical pulses). These charge 
pulses are received by the preamplifier which gives as 
output, a set of linear tail voltage pulses. The amplitude 
(height) of the linear tail pulses is directly proportional 
to the energy of the gamma-ray photons received by the PC. 

A power supply capable of supplying high voltage ( 1500- 

3000 V at 100 - 1 mA) is required to operate the PC. 

The output pulses from the preamplifier are further fed into 
a linear amplifier (LA). The LA delivers output pulses in 
the range 0 - 10 V and these pulses carry the energy infor- 
mation about the gamma-ray photons which are received by 
the PC [4,5], Before recording the Mdssbauer spectrum in 
the transmission mode it is necessary to fix the 'energy 

window' of the gamma-ray spectrum to ensure that the 

57 57 

appropriate 14.4 keV (in the case of Co - Fe Mdssbauer 
nuclei) gamma— rays are selected. This is achieved either 
by using a single channel analyzer (SCA) or by using a 
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multichannel analyzer (MCA) in the pulse height analysis 
(P4 a) mode. 

In our laboratory there were two Mossbauer spectro- 
meters which were used in the present work. The first 
spectrometer consisted of the following units i 

(i) PC s Model No, I 1331; ECIL. 

(ii) Pre-amplifier ^ Model No. 401, Mechtronics; U.S.A, 

(iii) H.V. Power Supply s Model No. 3002, Canberra; U.S.A. 

(iv) LA/TSCA ; Model No. 2015A, Canberra; U.S.A. 

The other spectrometer comprised of the following 

units ; 

(i) PC 2 Model No, RS-P3-1605-261 (97^ Xenon + 3X CO 2 at 
1 atoms pressure), Reuter-Stokes; U.S.A. 

(ii) Pre-amplifier 2 Model No. 2006, Canberra; U.S.A, 

(iii) H.V. Power Supply 2 Model No. 456, EG and G ORTEC; 

U.S.A. 

(iv) Spectroscopy Amplifier 2 Model No. 2021, Canberra; 

U.S.A. 

2,2,5 Data Acquisition, Storage and Handling System 

Multichannel analyzer (MCA) was used in the pulse 
height analysis (PHA) mode for recording pulse height 
spectrum and in the multichannel scaling (MCS) mode for 
recording the Mb'ssbauer spectrum. Data acquired in the 
MCA was printed out using a Teletype printer which was 
interfaced with the MCA. In our work we used Nuclear Data 



45 


i.'iodel No. Nij-60, Model No. ND-62 and Canberra Model No. S-80 
MCA's depending upon the availability. 

2.2,6 Cryostat and Furnace 

In order to study the effect of temperature on the 
absorber (source) under study it is necessary to maintain 
the absorber at a desired temperature during the measurement 
of the Mossbauer spectra. This is achieved by placing the 
absorber (source) inside the cryostat or a furnace and by 
maintaining the temperature with the help of a cryogenic 
arrangement or heater and a stable temperature controller. 

A liquid nitrogen cryostat in which temperature can 
be maintained from 80 K to 300 K was fabricated in our 
laboratory. The schematic diagram of the cryostat is shown 
in Fig. 2,4. The two concentric cylindrical brass vessels 
are connected by a thin-walled stainless steel tube. Liquid 
nitrogen is kept inside the inner vessel and it can be 
poured from time to time through the thin— walled stainless 
steel tube. The outer brass cylinder provides thermal 
insulation for the cryogenic vessel and for the cold finger 
(which was a 3-cm dia copper rod and which is attached to 
the inner vessel) when vacuum is maintained between two 
concentric brass cylinders with the help of an oil— diffusion 
pump. The Mossbauer absorber under study is put in the 1 cm 
dia. holder which is located in the cold finger along the 
direction of the mylar windows. Mylar windows allow 



Liquid nitrogen 



Fig. 24 Design of the cryostat used in the Mossbouer experi- 
ments carried out in temperature range 80-300 K. 


jVacUum 



Mylar window 


Fig. 2-5 Design of the furnace with resistance heating 
assembly. 
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A temperature controller model 457 (Indotherm, India) 
was used to maintain the desired temperature of the absorber 
with an accuracy of about + 0.5 °C. 

2 . 3 EXPERIMENTAL PROCEDURE 

The velocity transducer, source, absorber and PC 
were mounted rigidly and aligned carefully on a vibration- 
free optical bench (see schematic diagram of Fig, 2,l). 

By adjusting the distance between the source and detector 
a v\/e 11-re solved three-peak pulse height (PH) spectrum 
(Fig. 2.7) of the ^^Co in Rh was obtained. The intensity 
of the low-energy X-rays (6.2 keV) was suppressed by placing 
a thin aluminium foil between the source and the absorber. 
Further the lower level discriminator (LLD) and upper level 
discriminator (ULD) controls of the MCA were used to store 
the pulses whose height corresponded to the full photopeak 
of 14.4 keV gamma ray in the PH spectrum of the Co/Rh 
source. In the transmission Mossbauer spectroscopy, the 
transmission of gamma rays through a resonant absorber 
is measured as a function of the relative velocity between 
the source and absorber. The relative velocity between 
the source and absorber was swept rapidly through the 
range of interest < C < + in both the directions 

by the help of a function generator which provided symme- 
tric saw-tooth voltage waveform (reference signal) to the 
velocity transducer. The gamma rays transmitted through 





Count Rate 



0 too 200 300 

Channel Number 

Fig, 2.7 Pulse height spectrum of ^ Co in Rh matrix (Moss- 
bauer sourcs) meosured uiing proportiengl countgr, 
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the absorber were detected by a gamma-ray detection system 
and were stored in the 512 channels of the iviCA which was 
used in the multichannel scaling (iviCS) mode. Synchronization 
of the channel number in the MCA with the velocity increment 
aV (between V and V+ av) was achieved by advancing the 
address of the memory one by one through an external clock 
(channel advance pulses which are produced by FG) , which 
divide the period of reference signal into 5l2 pulses. A 
start pulse which coincides Vv'ith the beginning of the 
reference signal enabled the MCA to start with channel 
number 1 being advanced by the clock pulse. 

Calibration of our Mossbauer spectrometer was performed 
with the help of standard Mdssbauer absorbers whose Mo'ssbauer 
parameters are well known. The peak positions of the 
Mossbauer spectral lines of some standard absorbers [6] 
with respect to oc-Fe are given below -room terr.p.zfahuye^z^s,^)^ 

(a) Sodium nitroprusside (SNP), Na2[Fe(CH)^No]2H2C i 
- 1,111 and + 0.592 mm s”^ 

(b) a-Fe (natural iron absorber) ; 

-5.328, -3.083, -0.838, +0.838, +3.083 and +5.328 mm s“^ 

(c) a-Fe 203 s -7.990, -4*470, -0.955, +1.675, +5.190 and 
+8,710 mm s”^ 

The Mossbauer spectrum measured by us with a-Fe as 
an absorber yielded the following parameters : 
i) Centroid position : 127,55 Oh. 
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(ii) Difference in the positions of the three centroids 
obtained from the 3 pairs of the 6-line spectrum :: 

+0,05 Ch. 

(iii) Stability of the position of the centroid for over a 
month = +0.1 Ch. 

(iv) FVJHM of inner lines 0.22 + 0,01 and 0.23 + 0.01 
mm sec~^. 

2.4 OPTIMIZATION OF THE ABSORBER THICKNESS 

Mdssbauer spectrum is essentially a gamma-ray 

resonant absorption spectrum. It is, therefore, desirable 
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that sufficient number of resonant nuclei (e.g. Fe) should 
be present in the transmission path of gamma-ray photons. 

The intensity of the absorption line is given [7] by 

N-N(t,v) = fN [ 1-exp (-t/2) J^(i (2.1) 

where t = thickness of the absorber, 10G2V'.) 

= zeroth order Bessel function 
o 

N = number of gamma-ray photons incident on the 
absorber. 

f ~ YS^coil f-ca-e ■fy«xetiov". . 

N(t,V) = number of gamma-ray photons transmitted through . 

an absorber of thickness t at a resonant velocity 

V. 

It is seen from the above relation that the intensity of 
the absorption line will increase with the absorber thick- 
ness t. However for an absorber of given composition any 
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increase in the absorber thickness t is accompanied by the 
absorption of the incoming gamma-ray photons which is 
induced by the photoelectric effect. As a result the 
relative statistical accuracy 

'^^el = [N(t decreases exponentially with 

increase in thickness t. 

The absorption of gamma-ray photons induced by 
photoelectric effect and originating from the shell (orbital) 


electrons 

of 

the atoms of the absorber is given by 


NLtj 

N 

ll exof- 

(2.2) 

where 


Avogodro's number 


P 

= 

relative abundance of the Mdssbauer atom 


Mi 


M 1 ^*1“! 

atomic weight of the ith atom in a molecule 



of mass M 


t^i 


the absorption coefficient of the atom i 

for 



the Mdssbauer garnma-ray photon of energy 

E. 


In addition to the increase in the photoelectric absorption, 
there will be an increase in the linewidth (P ) of the 
spectral I'.ne since p = (1 + 0,135 t). As a result 

the resolution will decrease with the absorber thickness. 

It is thus seen that any increase in the layer thickness 
of the absorber leads to effects which work in opposite 
directions. There is, therefore, a need to settle for an 
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optimum layer thickness t of the absorber for obtaining a 
Mossbauer spectrum having best possible quality in a given 
time of measurement. In above the term 'quality' of the 
spectrum, stands for the ratio of the intensity [N-IvCtjV)] 
of the spectrum to the statistical error of the background 
counts, or the so-called signal to noise ratio. 

A number of methods have been developed to determine 
this optimum layer thickness t for a single line absorber. 
Shimorry [s] proposed a condition for maximising the intensity 
of the spectrum. Blarney [9] maximised the area of single line 
Mossbauer spectrum. 


To find out the optimal layer thickness t, however 
one can also optimise the function g(t) (instead of maximi- 
sing the intensity or area of the spectral line) where 


N - N(t,V)VN(t,V)/N 
g ( t ) = rf 

J^(i t/2) ]exp[-tpivi/2fN^o^B] 

If 


(2.3) 


One can plot g(t) as a function of t and determine the 
optimal absorber thickness t from the plotted curve. 

Above formula has been derived for. a single-line 
absorber. In the case of an absorber which give many lines 
and which is made up of powder, we have determined the 
optimum thickness of the absorber on the basis of trial 
and error. We found that generally an amount of powdered 
sample of 30 - 50 mg spread over an absorber size of 1.0 cm 
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diameter was good enough to obtain a Iviossbauer spectrum nf 
good quality. 

2.5 GEOiuETRICAL EFFECTS 

The geometrical arrangement of the source, absorber 
and detector includes various factors like the alignment 
of the source, absorber and detector, distance between 
them, finite size of the source and the detector window 
etc. and, it influences the shape of the Mdssbauer spectral 
lines. Two important geometrical effects which influence 
Mossbauer effect significantly are 

(i) the source detector distance variation effect and 

(ii) the cosine effect. We shall now discuss these two 
effects in some detail. 

2.5,1 Source-Detector Distance Variation Effect 

If the relative velocity between the source and 
absorber is arranged in such a way that the source moves 
to and fro about its mean position and the absorber is 
kept at rest, the distance between the source and detector 
changes periodically during one cycle of motion. The 
counting rate or the number of gamma-ray photons received 
by the detector per second is directly proportional to 
the solid angle subtended by the source at the detector 
window. The counting rate, therefore, changes continuously 
and periodically as the source moves towards and away 
from the detector. As a consequence the baseline of the 
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Mossbauer spectrum shows a non-flat behaviour. In our 
experiment, we eliminated this kind of geometrical effect 
by folding the two Mossbauer spectra observed in the MCA 
(these two Mossbauer spectra are a consequence of the 
symmetric nature of the saw-tooth waveform of the signal 
fed to the Mossbauer drive). This type of effect can also 
be eliminated if the source is kept at rest and the absorber 
is allowed to move. The maximum displacement of the source 
from its mean position can be made smaller if the frequency 
of the reference signal is 20 to 30 Hz thus reducing the 
effect . 

2,5.2 Cosine Effect 

This effect arises out of the finite size of the 
source, absorber and detector window. Some of the gamma-ray 
photons emitted from the source travel at an angle 0 with 
the direction of the relative velocity. These gamma-ray 
photons, which are emitted along directions other than the 
direction of the relative motion will have a Doppler energy 
shift aE = E^(V/C) cos 0 and they will be received by the 
absorber and later on by the detector window because of 
their finite sizes. As a result the Mossbauer spectral 
line becomes broader and shows a shift. In our experiment 
we minimised this effect by collimating the gamma-ray 
photon beam (by restricting it along the direction of 
relative motion) and by optimising the distance between 
the source and absorber. 
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2,6 DATA ANALYSIS 

In all forms of spectroscopy it is desirable to find 
out precisely the peak positions, line-widths and the areas 
under the spectral lines. In order to obtain the most 
precise estimates of the peak parameters in iviossbauer 
spectroscopy it is essential to analyze the spectra with 
the help of digital computer. In Md'ssbauer spectroscopy 
the spectrum output is available in digital form. It has 
been shown by Margulies and Ehrrnan [lO] that for a source 
and absorber having low effective layer thickness, the 
lines of the transmission spectrum have the shape of a 
Lorentzian curve and to a good approximation are additive. 
Taking above properties into account several computer programs 
have been developed by several authors. In our analysis we 
used a computer program based on the method developed by 
Law and Bailey [ll]. Our program proceeded by finding the 
folding point of the two symmetric Mossbauer spectra and 
the values of the adjustable parameters (initial guess 
value of the peak parameters) to obtain closest agreement 
between the experimental data and tihe value predicted by 
the assumed function [l2]. 

Let the function 0^ = be the 

functional form corresponding to the experimental data 

2 

points The following function S , when set to a 

minimum, yields a set of adjustable parameters 3j^ • 
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S 


2 


N 

E 

i=l 


^ (Y. - 0.) 

i=l ^ ^ 



vjV ■’■'i ■■ 


0 


(2.4) 


(2.5) 


Above condition leads to N simultaneous equations. 
These simultaneous equations are solved to obtain a correc- 
tion in the approximate value Sj^. The new parameters 


i+1 

k 



+ 


A3 


k 


are then selected for the (i+l)th iteration. These new 

2 

parameters are then examined to ensure that S approaches 
a minimum value. These iterations are continued until a 
minimum specified limit is reached. The goodness of fit 
was tested at each stage by calculating the ’’jC - values. 

. w 2 

In the analysis of our Mossbauer spectra we achieved 
values in the range 0.9 - 7.8, The standard error in the 
fitted parameter, was also calculated with the help 

of inversion matrix [13]. 


2.6.1 Hyperfine Field Distribution 

In the case of absorbers having amorphous nature, 
the broadening of the Mbssbauer spectral lines arises from 
the distribution of hyperfine fields (either the distribu- 
tion of the EFG's or the distribution of the A 

number of methods have been developed to determine the 
distribution of the hyperfine fields from the broadening 


\ 
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of the Mossbauer spectra. In our analysis we have used 

Window’s [l4] method as outlined below. 

Let us denote by P(H) the hyperfine field distribution. 
57 

The Fe Mossbauer spectrum can then be defined as 


N P(H) dH 

i=l 1 + 4[(E - Eq)/W]^* 


where 


( 2 . 6 ) 


= intensity of the ith peak 
= FWHM 

principal component of the EFG distri- 
bution or aj_(H), the position of the peak for 
the magnetic field distribution. 


The values for a^^ are given [l5] as 

a. = -a, = 16.1b x 10~ mm/kOe 

o 1 

=: -32 = 9.34 X 10 rara/kUe 

= -a^ = 2.54 x lO"^ m.m/kOe 

The P(H) is expressed in terms of the Fourier series 

P(H) = ” b rcos fi-H- - (-1)"] (2.V) 

n=l max . . 

With the condition 



H=H 


min 


= 0 




H=H. 


max 


( 2 . 8 ) 


The value of is chosen such that P(H^^g^) = 0. The 
Fourier coefficient were calculated with the help of 
computer program which was based on a least— sguares— fit 
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to the experimental data. Generally the value of was 
chosen to be between d.=: 20 and m = 25. The coiaputer 
program for determining the distribution of hyperfine fields 
was tested by analyzing the spectra for the standard samples 
of a-Fe and sodium nit roprusside (Fig. 2.7; 2.8). 

The average value of hyperfine field was calculated 
using the expression 


cr 


■n 

= 'll 

i^l 


P. (H. ) H. 


^ = V 


iz: p. (V . ) V . 

i^i ^ ^ ^ 



Counts p(H) (arbitrary unit) 



Channel no. 

Fig.2-8 Hyperfine fiel(d (distribution for cx:-Fe (absorber) at 
room temperature. The top figure shows the p(H) 
(distribution while the bottom figure shows the 
corresponding Mossbauer spectrum of c>(:-pe. 
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CHAPTER 3 


MSSSSAblEJi ,AiTJ„ pXHER 

S'/STEiViS CONTAINING iViAGNETIC PHASES 


3.1 INTRODUCTION 

Glass ceramics are new inorganic materials of immer^se 
technological significance and future promise. The importance 
of the glass ceramics can be underlined by the fact that 
these materials possess an extremely favourable combination 
of mechanical, thermal, chemical, electrical and physical 
properties. Several possible areas for the practical 
applications of the glass ceramics are known at the present 
time. In the literature books [l,2] and several papers [3-8] 
are available which provide an introduction to glass 
ceramics and explain the need to study these materials in 
greater detail. The method of production leads to zero 
porosity and an outstanding uniformity of properties in the 
finished ceramic. These properties arise fx-om ■ the molten 
state and the nature of nucleation process. 

The factors that influence the final properties of a glass 
ceramic and which can be controlled are listed below'. 

(i) Properties of crystalline phases In the case of 

glass ceramics, as compared to the traditional 
ceramics, the intrinsic properties of the crystal 
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will have a major effect on the final properties of 
the resulting artefact and the role of the texture 
will be less dominant. 

(ii) Grain size t- This property affects the final 
mechanical, magnetic and electrical properties of the 
product . 

(iii) Intergranular bonding This preperty affects the 

final strength and appearance of the product. 

(iv) Crystal orientation In case of magnetic material 

crystal orientation affects the magnetic anisotropic 
property and coercive force (magnitude of coercive 
field) . 

(v) Percentage crystallinity and distribution of any 
remaining glassy phase Although glass ceramics 
should be 100/ crystalline, this- is not always 
possible and indeed for some applications it is 
desirable to have a residual glassy phase. 

The above factors can be influenced by controlling 
the following (a) base composition (b) the choice 
of nucleant and (c) the heat treatment, 

A glass ceramic is initially a glass in which first 
the formation of nuclei is enhanced and subsequently the 
crystallization (devitrification) occurs when the glass is 
subjected to the controlled heat-treatment schedule. The 
nucleation in the glass ceramic can be enhanced either by 
the addition of a nucleating agent or by using a special 



base composition which is self-nucleating. The process of 
production of glass ceramic, therefore, involves a two— stage 
heating cycle in order to develop a suitable crystalline 
texture. In the first stage of heating, the formation of 
stable nuclei occurs while in the second stage of heating 
the growth of crystal (growth of nuclei and formation of 
crystals) takes place. The crystal growth is of course 
dependent on the viscosity of the glass and on the tempera- 
ture through the base composition of glass. 

Let us denote by Tj^ and T^+ ^T the limits of the range 
of temperatures of the first stage of heating and by T2 and 
T2+ ^T the corresponding limits of the range of temperatures 
of the second stage of heating. If these two temperature 
ranges (Tj_ to T^+ at and T2 to T2+ aT) are almost same, 
little control is possible over the crystallization of 
resulting glass ceramic. The reason for this is that as 
soon as nucleus forms it starts growing and as a result few 
large crystals would be produced. However if the two 
temperature ranges can be separated, the processes of nuclea- 
tion and growth can also be separated. This happens in the 
following manner. The only process occuring between the 
temperatures T^ and Tj^+ aT is the formation of nuclei and 
then by maintaining any temperature between T^ and T^^-i- at 
it is possible to control the number of nuclei. When 
sufficient number of nuclei have been produced, the tempe- 
rature is quickly altered to one between T2 and T2+ aT 
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which promotes rapid grow/th of the crystals. This explains 
how the percentage of crystallinity and grain size are 
controlled. The processes of both nucleation and growth 
are activated and therefore temperature-controlled. However 
this implies that the practical- results will depend on both 
the temperature and the time spent at that temperature. 

There is considerable scientific and technological 
interest attached to glass ceramics [l,2]. The scientific 
interest stems primarily from the fact that the study and 
development of glass ceramics are intimately connected to 
the studies of nucleation and crystallization of supercooled 
liquids and hence their study throws additional light on 
these basic processes. Secondly the composition of glass 
ceramics can be varied over a wid-s range and as a result 
nucleation and crystallization processes can be studied 
over a wide range. Glass ceramics can be produced to possess 
very fine microstructure and can also contain a wide variety 
of crystal types. This allows glass ceramic as a medium 
to investigate mechanical strength and fracture processes 
in brittle solids. Similarly other physical properties 
can be investigated through the study of glass ceramics. 

Glass ceramics have stimulated considerable interest 
in various technological fields [l~2]. They assume importance 
in materials technology in view of the novel, excellent and 
wideranging combination of physical properties offered by 
them. They invoke considerable interest in the field of 
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glass technology. Glass ceramics provide special interest 
in the area of conventional ceramics because one can study 
the relationship between crystallographic constitution and 
physical properties. Crystal phases present in the glass 
ceramics can be varied in a controlled manner to prepare 
materials having identical chemical compositions but 
different crystallographic compositions. In view of the 
fact that the vitreous phase assumes an important role in 
determining certain properties of the ceram.ics, the problem 
of studying the effects of variations in the proportion 
and chemical compositions of the vitreous phase in the 
glass ceramics provides challenging interest. Glass 
ceramics are also of interest to mineralogists. 

In the present chapter we shall describe the results 
of our experimental studies of those glass ceramics in 
which magnetic phases can be precipitated. Our studies 
consisted mainly of Mdssbauer spectroscopic measurements 
and we have used expeximental data obtained by recording 
X-ray, EPR and optical spectra and magnetization curves to 
aid the interpretation of our results. The systems studied 
by us include different base glasses containing silica-based 
substituted yttrium iron garnet (YIG), barium ferrite, 
strontium ferrite and lead ferrite. These systems can be 
divided into two types. The first type includes silica- 
based substituted yttrium iron garnet (YIG) in which 
external nucleating agents (viz. Bi202, Ag20+As202 and Pd) 
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were added in the base glass and magnetic phases were 
precipitated during a controlled heat treatment. The second 
category included cliff compositions of the base glass 
which were self-nucleating and involved precipitation of 
the magnetic phases of different ferrites (barium ferrite, 
strontium ferrite and lead ferrite) under controlled heat 
treatment . 

3.2 STUDY OF YTTRIUM iron GARNET (YIG) SYSTEAS 
3.2.1 Introduction 

vJe shall first describe our studies of yttrium iron 
garnet (YIG) systems, in view of their interesting 
electrical and magnetic properties, the magnetic phase of 
yttrium iron garnet (YIG) has been studied extensively 
[9,10]. Several technological applications of YIG are 
known [lO] and some of these are s 

i) tunable filters, circulators and gyrators in the 
microwave region. 

ii) magnetic bubble domain-type digital memory devices 

iii) magneto-optical device 

iv) dcoustic devices. 

In each of these applications one needs YIG having specific 
properties. The method of preparation of the YIG determines 
its properties. Nowadays there are available several methods 
of preparation of YIQ and these are ; 



(i) melt quenching [ll], (ii) spray pyrolysis [l2], (iii) dc 
or rf sputtering [13,14], (iv) freeze drying [l5], (v) 
amorphous citrate gel process [l6,17] and (vi) glass ceramic 
method [6]. Among all these methods the glass ceramic 
method has a distinct advantage and we have used this 
method for preparing our samples, 

3,2,2 Experimental Method 

3 , 2 , 2 , 1 Sample prepar ation 

Our samples consisted of YIG precipitated in four 
different glasses. The composition of each of these four 
glasses is given in Table 3,1 where the four compositions 
are labelled as Cl, C2, C3 and C4. The composition Cl and 
C2 contain Bi203 as the nucleating agent. In the composi- 
tions C3 and C4 the nucleating agents are (Ag20 + AS2O3) 
and Pd respectively. The glasses were prepared from 
reagent grade chemicals by melting the mixture in alumina 
crucible in electrically heated furnace between 1300 to 
1450 °C. Glass plates were cast by pouring the melt on the 
aluminium mould. In the case of the glass (composition 04) 
containing Pd, we added 0,05wt^of Pd through a complex salt 
Pd(PY)2(SCN)2. The nucleation and crystal growth temperatures 
were estimated with the help of differential thermal analysis 
(DTA). In Table 3.2 we have described the different heat 
treatments (based on the DTA results) given by us to 
different samples which are also labelled with a code. 
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Table 3.1 i Composition of the gl^® 

different nucleating age'^'^^* 


Glass Code 





Compound 

Cl 


C3 

C4 






Si 02 

48 

49.6 

48 

48 

Na 20 

26 

33.6 

26 

26 


5.9 

9 

9 

^^203 

9 





15 

« — \ 

• 

0 

16 

17 

01203 

2 

0.8 






0.5 

— 

Ag 20 



0.5 



— 





riHed through the complex salt 
In C4 0,05 vjt-/c of palladium is aau 

Pd(PY)2(SCN)2. 



Table 3.2 ; Sample labels and details of heat treatment given 
to different glass compositions (Heat-treatment is 
described in terms of temperature/period) with X-rayj 
and Magnetization data. 


Glass Heat treatment Sample 

Label 


Crystalline phases 
as assigned from the 
x-ray data. Relative 
intensity is shown 
in parentheses very 
weak (WV) weak ('T) 
Strong (S)[i8] 


Magnetization 
Ms (emu g~l) 

[18] 


Cl 

As prepared 

CIO 

— 

~ 


1015k/2h+ 

1055k/24h 

Cll 

Fe/pOo (S) 

YIG ('/O 

0.3 


1015k/5h+ 

1055k/24h 

C12 

Fe 203 (W) 

YIG (S) 

0.3 


As prepared 

C20 

- 

- 

C2 

895k/2h+ 

990k/2h 

C2l 

Fe203 (S) 

YIG (W) 

- 


895k/2h-)- 

990k/24h 

C22 

Fe 203 (W) 

YIG (S) 

6.0 


As prepared 

C30 

- 

- 

C3 

555k/2h+ 

555k/2h 

C31 

YIG (W) 

1.0 


865k/2h+ 

905k/2h 

C32 

Fe 203 (W) 

YIG (S) 

1.2 


1000k/2h+ 

1095k/2h 

C33 

Fe 203 (W) 

YIG (VS) 

1.8 


As prepared 

C40 

- 

- 

C4 

1070k/2h-l- 

1105k/2h 

C41 

Fe203 (W) 

YIG (S) 

2.0 


Clls 10l5k7^h’+ 1055k7^h "indicates that tTre gla’sT^f"~compos~iti'on 
Cl was heated at 1015k for 2 hours (nucleating temperature 
first stage heating) and this was followed by heating it at 
1055k for 2 hours (crystallization temperature, second stage 
heating) . 


m 
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(Model V 4502-12) in the X-band frequency and with a 100 KHz 
field modulation. The optical absorption measurements in 
visible and UV regions were carried out on a Cary 17 D 
spectrophotometer in double beam operation. Magnetization 
measurements were carried out v/ith a PAR vibrating sample 
magnetometer (model 150A) in conjunction with a Varian 9'' 
magnet (model V-7200). 

3.2,3 Results and Discussion 

The Ivlossbauer spectra of as-prepared sample and heat- 
treated samples (Table 3.1 and 3.2) CIO, Oil, 012, C2l, 

022, 041, 031, 032 and 033 are shown in Figs. 3. la-3, Ic. 

The spectra corresponding to samples 031, 032 and 033 are 
grouped together in Fig. 3.1c because these spectra are 
similar and these samples share the same nucleating agents 
(Ag20+As202) . Mossbauer parameters obtained by analyzing 
these spectra are given in Table 3,3. 

The Mossbauer spectra of all the samples, except 
the as-prepared sample 010,020,030,040, consist of a doublet 
(quadrupole split) spectrum along with one or two six-line 
(sextet) Zeeman spectrum. The as-prepared sample C10,C20,C30,C4C 
shows a doublet spectrum while all other samples show^ in 
addition to the doublet spectrum, six-line spectra arising 
out of the magnetic phases which are precipitated after 
suitable heat treatment. V\Je shall first discuss the doublet 
spectra for all samples so that their systematic behaviour 



Counts (arbitrary units) 




Counts (arbitrary units) 


/i 




Fig. 3.1(c) Mossbauer spectra of C30, C31,C32 
C33 at 293 K. 



Table 3.3 


s Mbssbauer parameters (measured at room temperature) 
for samples CIO, Cll, Cl2, C20, C21, C22, C30, C31, 
C32, C33, C40 and C41. 


Sample 

Doublet Spectra 

Six-line - 

Spectra 


Assignment 

IS(a) 

AE(b) 

r(c) 

IS(a) AE(b) 


r(c) 


CIO 

0.23 

0.971 

0.50 

- 

- 

- 

Lila s s 

Cll 

0.24 

0.782- 

0.48 

0.36 -0.111 

510+2 

0,23 

a-Fe 203 

C12 

0.24 

0.841 

0.46 

0.36 -0.112 

512+2 

0.23 

a-Fe202 

C20 

0.23 

0.971 

0.50 

- - 

- 

- 

Glass 

C21 

0.23 

0.773 

0.43 

0.34 -0.104 

509+2 

0.23 

a-Fe 203 

C22 

0.22 

0.835 

0.48 

0.36 -0.120 

512+2 

0,23 

a-F ©2*^3 

C30 

0.23 

0.971 

0.50 

- _ 

- 

- 

Glass 

C31 

0.23 

0.926 

0.49 

_ _ 

- 

- 

- 

C32 

0.22 

0.901 

0,48 

- - 

- 

- 

- 

C33 

0.23 

0.791 

0.46 

0.36 -0.112 

S12+2 

0.23 

cx— T’ ^2^3 





0.37 0.00 

392+2 

0.32 

YIG-d site 





0.38 -0.13+ 
0.03 

425+4 

0.26 

YIG-a ' site 





0.34 0.07+ 

0.03 

431+4 

0.26 

YIG-a site 

C40 

0.23 

0,971 

0.50 

- - 

- 

- 

Glass 

C41 

0.22 

0.852 

0.49 

0.38 -0.098 

515+2 

0.23 

a-Fe 203 


(a) IS = Isomer shift, values in ram s ^ with respect to^a-Fe % 
Typical error is + 0,01 mm s"*^. 

(b) = Electric quadrupole splitting in mm s”*^ ^ Typical error 


is 0.005 mm s”"^. 

(c) 'f~(FWHfA) = width of the spectral line, values in mm s ^ ; 

Typical error is 0,01 mm s”^. 

57 

(d) = Internal magnetic field at Fe nucleus^in units of kOe. 
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is understood more clearly. The Mdssbauer spectra of 
as-prepared samples CIO, C20, C30 and C40 are same (Table 3.3) 
and hence in Fig, 3.1(a) only the spectrum of the sample CIO 
is shown. Mdssbauer spectrum of the as-prepared sample 
yields an isomer shift IS = 0,23 + 0.01 mm s”^ and a 
quadrupole splitting = 0,971 +O.OOBmm s""^. The observed 
value of the IS indicates that the iron ion in this glass is 
in the high spin state with tetrahedral coordination 

[19, 20], The large value for aE, as well the large line- 
width (FWHivi) = 0.50 + 0.01 mm s of the lines, indicate 
that there are a large number of "non-identical'* sites 
and larger departures from cubic symmetry in glasses than 
in crystals. The iVidssbauer parameters of the sodium silicate 
quenched glass observed by us agree well with the values 
reported by several other workers [ 19-21], 

Before we examine the effect of composition and 
nucleating agent on the crystallization of the magnetic 
phases, we wish to discuss the results correspondirig to the doublet 
spectrum for the series of samples C30,C3l,C32 and C33(Table 3.2). 
These four samples consist of the same nucleating agent (Ag 20 +As 20 ) 
and they were subjected to heat-treatment involving three 
different schedules. The Mossbauer spectrum of as-prepared 
sample C30 yields the values of IS = 0.23 mm s“^, 0.50 

mm s ^ and ae = 0,971 mm s However the Mdssbauer 
spectra of the heat-treated samples C31, C32 and C33 
(Fig. 3.1c) are observed to be more complex than for C30, 





In addition to the doublet spectra which is attributed to 
the glassy phase, other lines appear and they are attri- 
buted to the other magnetic phases (e.g, a-Fe 202 and 
Si-substituted YIG) that have crystallised after the heat 
treatment. Mdssbauer parameters for the doublet spectra 

indicate that the doublet spectra are due to paramagnetic 
3 + 

Fe in the glassy state. As the magnetic phases are being 

crystallised, the IS values for the doublet spectra remain 

essentially unchanged but the aE values decrease from 

0.971 (C30) to 0.791 (033). Constancy of IS implies that 

57 

the ^-electron density at the Fe nucleus does not change 

3 + 2 - 

and hence the bond characteristics of Fe and 0 does 

not change as the magnetic phases are being precipitated. 

Observed decrease in ae, on the other hand, indicates 

3 + 2 - 

that the distortion in the Fe -0^ tetrahedron decreases 
with the precipitation of the magnetic phases. This 
observed behaviour of IS and ae for the doublet spectra 
suggests that these spectra consist of several overlapping 
and unresolved subspectra arising out of the random 
variation of electric field gradient (EFG) from site 

to site. 

In order to examine this variation of the EFG we 
have analyzed our data with the help of the Fourier series 
method developed by Window [22,23]. This method has been 
described in Sec, 2,6,1 and it has been used widely in the 
literature to determine hyperfine field distributions in 

I- 
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magnetic systems having amorphous nature. The probability 
distribution, P(V), for the EFG (and hence for aE = 
eQV^z/^) corresponding to the doublet spectra for C30, 

C31, C32 and C33 are shown in Fig. 3,2, The numerical 
values for various parameters related to the P(V) distri- 
butions are given in Table 3,4, It is observed from 
Fig, 3,2 that the P(V) distribution becomes narrower and 
the peak position shifts to lower values of aE as we go 
from the sample C30 to C33, Although the values of AE 
obtained from the P(V) distributions . (Table 3.4) do not 
agree with those obtained by least-square-fit of the 
spectra (Table 3.3), the general trend of ae decreasing 
with heat treatment is evident in both the cases. Starting 
from the as-prepared sample (C30), the FWHfvi of the P(V) 
distributions decreases by a factor of 2 for the sample 
(C33). This behaviour is understood as an effect of 
decreasing disorder in the glasses as they are heated. 
Precipitation of crystalline phases reduce the distortion 
in the FeO^ tetrahedron in glasses and this results in 
the behaviour seen in Fig. 3.2 and Table 3,4. 

Upon exaniining the values of IS and aE for the 
samples CIO, Cll and Cl2 (Table 3,3) we note that starting 
from the as-prepared sample CIO, the value of ae first 
decreases from CIO to Cll and again increases from Cll to 
C12, In fact the distribution curve, P(V), for Cll 
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Fig, 3.2 Distribution of the electric field gradient P(V) at ^^Fe nuclei in 
C30, C31,C32 and C33. 
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Table 3,4 i Different parameters related to the P(V) 

distributions obtained for the four sample C30, 
C31, C32 and C33. 


Sample 

Mean ae 

Ze = 1 Pi(vpv. 

(mm s”"^) 

Ffjm of 
the P(V) 
distribu”- 
tions 

(mm s 

Number of 
Fourier 
coeffici- 
ents used 

2 

-value 

C30 

0.83 

0.38 

25 

4.8 

C31 

0.82 

0.31 

20 

2.9 

C32 

0.80 

0.20 

20 

2.2 

C33 

0.79 

0.19 

25 

2.6 


Table 3,5 ; Different parameters related in the P(V) 


distributions 

obtained for 

samples Cll 

and Cl2. 

Sample Mean value "Ze 

FWHl\,'l of 

Number of 


= Z P. (V. )V. 
^111 

the P(V) 

Fourier 

distri- 

Coefficient 


bution 

used 


mm s ^ 

1 

i— ' 

3 

0) 

1 




Cll 


0.31 

0.23 

20 

2.9 

0.67 

0.25 



0.27 

0.20 

20 

3.2 

0.72 

0.19 




C12 
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(Fig, 3.3) yields two values of aE (Table 3,5), The 

smaller value of aE (= 0,31 mm s”^) is assigned to the 

quadrupole split doublet corresponding to the fine particles 

of y~F® 2^3* possible that some amount of YFeO^ is 

also present. The larger value of ae (= 0,6? mm s ^) 

57 3+ 

corresponds to the Fe in the glassy state. The fine 
particles of Y“Fe2^3 YFeO^ are both known to yield 
quadrupole-split Mossbauer spectrum because of super- 
paramagnetism [24], Further the presence of 
Oil is confirmed by the Mossbauer spectrum of sample Oil 
observed at 80 K (Fig, 3.4 and Table 3,6). 

The nucleation time is increased from 2 to 5 hours 
while going from the sample Oil to 012 and this has caused 
the value of aE to increase from 0.782 (Oil) to 0,841 
(012), In the curve for the distribution, P(V), for the 
sample Cl2 (Fig. 3.3), the smaller area under the peak 
assigned to Y~Fe2^3 i^^ciicates that the volume fraction of 
Y-Fe202 is small in the sample 012. The MSssbauer spectrum 
for the sample 012 observed at 80 K (Fig. 3.4) also 
supports this conclusion. 

As far as the distribution curve, P(V) and 
Mossbauer sp 9 ctrum at 80 K are concerned, we observe a 
similarity between samples Oil and C2l as well as 
between samples 012, 022 and 041. V\ie therefore conclude 
that the volume fraction of samples 012 
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and C22 decreases because of the increase in the nucleation 
and crystallization time period. As compared to the sample 
Cl2, Cll yields a lower value of aE because of the 
higher volume fraction of the fine particles of 
Similar behaviour is also observed for the samples C20, 

C21 and C22. 

Let us now analyze the spectra of various samples 
for their magnetic hyperfine parameters, iVe first note 
that magnetic phases are precipitated in all the samples 
Cll, Cl2, C21, C22, C31, C32 and C33 which have been heat 
treated. However as observed in Fig. 3,1c, the magnetic 
phases in the samples C31 and C32 have not grown enough 
(in population) to allow an accurate estimate of magnetic 
hyperfine parameters. Analysis of Mbssbauer spectra for 
samples Cll, C12, C21, C22, C41 and C33 measured at room 
temperatures supports the presence of a six-line spectrum 
having magnetic hyperfine parameters as IS = 0.36 + 0.01 

mm s”^, AE =-0,ll2 + 0,005 mm s~^, = 5l2 + 2 kOe and 

-1 

= 0.23 + 0,01 mm s , These parameters agree very 
closely with the set of parameters observed in the 
Mossbauer spectrum of Of-Fe202 [25], The narrow line- 
widths (0.23 + 0,01 mm s observed by us rule out any 
overlapping contribution from Y“Fe2^3 these samples 
at room temperature. The Mossbauer spectra of these 
samples were also measured by us at 80 K and are shown 
in Fig, 3,4 and they confirm the presence of a-Fe202 
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alongwith Y“Fe2*^3 samples Cll, Cl2, C21, C22 and C41. 

The Mdssbauer spectrum (Fig. 3.4) of sample Cll observed 
at 80 K gives rise to two sets of values i (i) IS = 0,49+0.C3 
mm s"^, ^int ~ 514,0 + 5 kOe and =0 (ii) IS = 0.46+0.03 
mm s’’^y ^int ~ ^ ~ 0*17 ± O.O 3 mm s ^ 

(Table 3.6) and these are assigned to Y“Fe 202 and a-Fe 202 
respectively [25]. However such a resolution between the 
spectra from Y-Fe 202 and a— Fe 202 was not observed for the 
ividssbauer spectrum for the sample Cl2 at 80 K (Fig, 3.4). 

This further supports our observation that the volume 
fraction of Y“Fe 202 in the sample 012 is smaller. 

It will be observed from Fig. 3,1c that the Mdssbauer 
spectrum measured for the sample 033 is the most com.plex. 

Our data analysis, using computer program, has shown that 
the spectrum for the sample 033 can be resolved into one 
six-line spectrum attributable to a-F 6203 and three other six 

line spectra attributable to substituted YIG (in addition to 

doublet spectra). The magnetic hyperfine parameters obtained 
by us for the YIG phase are shown in Table 3.3. 

The Mdssbauer spectrum of sample 033 at room 
temperature consists of characteristic spectrum of YIG 
accompanied by the spectrum of a-Fe 203 as v/ell as of the 
glassy state of the material. The spectrum characteristic 
of YIG consists of spectra from d and a sublattices respec- 
tively, The d sublattice spectrum is symmetric about its 
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centroid but this is not the case with a sublattice 

spectrum. This difference arises out of the interaction 

d7 

between the quadrupole moment of the Fe (in its first 
excited state) and the EFG at the nucleus. The YIG being 
a cubic f errimagnstic crystal, neither the tetrahedral nor 
the octahedral iron site (which are occupied in a 3s 2 
ratio) has cubic symmetry. However each site has sufficiont 
symmetry to ensure that the EFG tensor is axially symmetx'ic 
[26], The axis of the local symmetry of the EFG at the 

d site is in the [lOO] direction because the d site corres-- 

2 - 

ponding to a tetrahedron of 0 ions has a four-fold 
rotation inversion axis in the [lOO] direction. On the 
other hand the octahedron has a three-fold axis of rotation 
in a [ill] direction v\/hich is also the axis of local 
symmetry of EFG tensor at the a site, ks a resu.lt electric 
hyperfine interaction occurs and a combined effect of 
quadrupole splitting and magnetic hyperfine splitting is 
seen in the Mdssbauer spectrum of each sublattice a. The 
magnitude of the quadrupole splitting depends on the angle 
^ between the axis of local syrametry and the direc':ion of 
magnetization. In YIG the easy direction of magnetization 
is along [ill] direction of the unit cell [26] which 
restricts the number of possible values of j3 to 3. All 
symmetry axes of the d sites make an angle of 55*^ with 
the direction of magnetization and as a result the 
quadrupole splitting <eq Q/4>(3 cos p~l) is vanishingly 
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small. This gives a syaimetric nature (about its centroid) 
to the Mdssbauer spectrum of the d sublattice. In the case 
of a site jo is either 70° or 0°, with the former occuring 
three times as often as the latter. Consequently the a 
sublattice gives rise to two six-line hyperfine spectra 
with the quadrupole splitting aE = -(0,12 + 0,03) mm s ^ 
for the a’ site (0 = 70°) and aE = +(0.05 + 0.15) mm s"^ 

(0 = 0°), as shown by Van Loef in [26], We propose to 
use this result Vi/hile analyzing the Mossbauer spectrum of 
sample 033 (Table 3.3). 'We conclude from the above 
discussion that the Mossbauer spectrum of YIG at room 
temperature should consist of three different sets of 
six-line hyperfine spectra : one for the d-site nuclei and 
two for the a-site nuclei with their intensities in the 
ratio ; '.6: 3: 1. 

1/Ve are now ready to analyze and interpret the room 
temperature Mdssbauer spectrum of sample 033. As seen from 
Fig. 3,1c and Table 3,3 the computer analysis of the 
total spectrum of sample 033 has yielded 3 sets of different 
six-line spectra. We have, therefore, assigned these 
three sets of spectra to (i) YIGsd site, (ii) YIGsa'site 
and (iii) YIGia site. The one yielding Mdssbauer para- 
meters aE = 0.0 and = (392 + 2) kOe is assigned to 

the YIG phase corresponding to the d-sublattice magnetiza- 
tion, This assignment agrees with the Mdssbauer parame- 
ter AE 0 (see previous paragraph) and =(393,5+2,0) kOe 
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reported by Van Loef [26] for YIG at the corresponding 
tetrahedral d-site. The other two six-line spectra (Table 
3.3) have been assigned to YIG a’ and a sites respectively. 
The main argument behind this assignment is the set of 
values of quadrupole splitting observed by us ; aE = 

-0.13 + 0.03 and 0,07 + 0.03 mm s These values agree 

(within the experimental error) with the values aE = 

-(0,12 + 0.03) and AE = +(0,05 + 0.15) mm s ^ observed 
by Van Loef [26] and assigned by him to YIG a’ site and 
a-site respectively. 

Mbssbauer measurements by Van Loef [22] further 
yield the values = 484.1 + 1.4 kOe and 490,3 + 2 kOe 

from the two other six-line spectra attributed to the 
octahedral a’ and a sites respectively. The values of 
observed by us for the other two six-line spectra (for the 
sample 033) are = 425 + 4 and 431 + 4 kOe and they 

appear to be lower than those reported by Van Loef [26] 
for the a* and a sites respectively. In spite of this 
observed difference in the values of we choose to 

assign the other two six-line spectra observed by us for 
the sample 033 to the a' and _a sites in YIGw vVe justify 
our choice below by providing an explanation of the lower 
values of observed by us. 

Lyubutin et al. [27] have Investigated the 

57 

magnetic and electric hyperfine interactions of Fe 
nuclei in vanadium and silicon garnets. The Fe Mossbauer 
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spectroscopic studies of the substituted garnet systems 


Vx<=®xF'=5-xSix0l2 (0 < X < '^3-2C^2xF^5-x''x0l2 

(0 < X < 1.5) carried out by these authors showed that 


the hyperfine magnetic field at the octahedral a 

site decreases by about lOyi v/ith increasing content (x) 
of diamagnetic ions Si^"^ and but the values at 

the d site did not show much change with x. 

The behaviour of the magnetization, Curie tempera- 
ture, Mbssbauer spectra and lattice parameter in the 

garnet series Bi^ q^^2x^2 2-2x^®3-x'^x^l2 been studied 
by Popma et al, [28]. Their measurement of the Mossbauer 


spectra of these samples at room temperature showed that 
the hyperfine field at the octahedral (a* ,,a sites) Fe 
nuclei decreased by about lOyi (from 483 to 440 kOe at the 
a* site and from 495 to 447 kOe at the a site) when the 
x-value was increased from x = 0.0 to 1.1. The value of 


for the tetrahedral d-site, on the other hand, did 
not show any change within the experimental error. The 
linewidth (F ) of the a-site (octahedral) spectral lines 
was also observed to increase with x. In other words, 
Popma et al. [28] have observed a decrease in (at 

the a' and a sites) with x as a result of the increasing 
number of non-magnetic V ions being substituted at the 


tetrahedral d sites. This observed behaviour was 
ascribed by these authors [27,28] to the formation of 
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magnetically non-equivalent a sites in YIG because of the 

substitution of the diamagnetic d sites (arising out of the 

strong a-d interaction in garnets). 

Keeping in mind these results by Lyubutin et al. 

[27] and Popma et al, [28 j v^e propose that the other two 

six-line spectra observed by us for sample C33 arise from 

the a’ and a sites in YIG. The reduction in the hyperfine 

magnetic fields to values = 425 + 4 and 431 + 4 kOe 

observed by us is attributed to the substitution of the 
3-f- 

Fe ions at the d-sites by the diamagnetic Si ions 

during the precipitation of YIG in the silicate glasses. 

This mechanism is similar to the one observed by Lyubutin 

et al, [27] and Popma et al. [28]. However in our case 

the linewidth of the a site spectral lines doesnot show 

any increase after the substitution of Si^"^ ions. vJe 

4 - 4 - 

explain this by proposing that the Si ions get distri- 
buted uniformly during the precipitation of YIG in the 
glass sample thus arresting any line broadening. 

A comment about the relative intensities of the 
lines at the d, a' and a sites is in order here. Van Loef 
[26] has observed that the relative intensities of the 
lines at the d, a' and a sites in YIG (measured at room 
temperature) are in the ratio 6:1 j 3. Results of the 
Mdssbauer spectra measured by us for the sample C33 (at 
room temperature) indicate that this ratio is 2: Is 3 in 
our case. This difference is again attributed to the 
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4+ 3+ 

c-ffect of Si ions being substituted in place of Fe 

ions at the d-sites. The occupation of the d-sites by 
3-i- 

Fe ions is lowered by this process and as a consequence 
the relative intensity of the d-site line is reduced. It 
should be pointed out that the ratio of the intensities of 
lines due to the a' and a sites remained as Is 3 in our 
case. 

As shown by Seller et al. [31] it is possible to 
observe the effects of spin reorientation in YIGsSi from 
the Mdssbauer spectra. When the magnetization in the 
sample is in the [ill] direction, the YIG a site produces 
two hyperfine spectra with appreciable quadrupole splitting 
and the YIG d site gives rise to a single hyperfine spec- 
trum with negligible quadrupole splitting. If, however, 
the magnetization direction changes over to [lOO] 
direction, the ^ site produces single hyperfine spectrum 
with negligible quadrupole splitting while the d site 
will give rise to two hyperfine spectra with appreciable 
quadrupole splitting. Since the values of for the 

a site and the d site are distinctly different, it is 
possible to analyze the Mossbauer spectra of YIGi;Si for 
getting information about the easy axis (i.e. whether the 
magnetization is along the [ill] or [lOO] direction). 
Working with YIGsSi samples having silicon content of 0.3 
per formula unit, Geller et al, [32] observed the spin- 
reorientation region to be from 100-165 K. In their case 
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they observed the easy axis to be along the [ill] direction , 
at 298 K while at 80 K they observed the reorientation to 
be complete with the easy axis along the [lOO] direction. 

The mechanism of spin reorientation in YIG:Si is not under- 
stood completely, although it is certain that the induced 

9 , . ... 

Fe ions are responsible for the continuous transition in 
YIGsSi, Rudowicz [33] employed the single-ion anisotropy 
and the two-center model to study theoretically the mecha- 
nism of spin reorientation in YIGsSi. Balestrino et al. 

[32] have carried out Mdssbauer spectroscopic studies to 
show the com-position dependence of the spin reorientation 
in silicon-substituted YIG and have proposed a semiguanti- 

tative model to explain their results in terms of the 
2 + 

effects of Fe ions. 

We have measured the Mdssbauer spectrum of the 
sample C33 at 293 K and 80 IC. From these spectra we 
observed that the spin-reorientation changed from the [ill] 
direction at 293 K to the [lOO] direction at 80 K. We 
could not locate the reorientation region because we could 
not make the measurements continuously over the temperature 
range (80 - 293 K). The M'dssbauer spectrum of the sample 
C33 at 80 K was not well resolved as far as the different 
sites were concerned. Nevertheless we have obtained the 
following set of Mossbauer parameters (Table 3,6) for 033 


at 80 K. 



Table 3.6 s Parameters obtained from /vidssbauer spectra for samples Cll, C2l 
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1 

(i) IS = 0.45 + 0.03 mm s~^ , aE = +0.13 + 0.03 mm s“ , 

r = 0.33 + 0.02 mm s"^, = 527 ± lO kOe. These 

param^eters are assigned to a-Fe 202 v^ith a small 
amount of Y”F62*^3 present. The smaller value 

of aE = 0,13 mm s”^ (as compared to the value of 
aE = 0.18 mm s~^ for pure a--Fe202) and the lower 

value of 527 kOe are caused by the presence of 
small amount of Y“Fs 2*^3 present in C33. 

(ii) IS = 0.33 + 0.05 mm s“^, aE = -0.04 + 0.05 mm s” , 

= 495 + 10 kOe. These parameters are assigned 
to the a-site of YIG:Si, 

(iii) IS = 0.43 + mm s~^, AE = 0.17 + 0.05 mm 

= 468 + 10 kOe. These parameters are assigned 
to the d-site of YIGiSi. 

-1 r- "1 

(iv) IS = 0.45 + 0.05 mm s , aE = -0.20 + 0.05 mm s , 

= 459 + 10 kOe. These parameters are assigned 
to the d'-site of YIGsSi. 

Lower values of observed at 80 K Tor the .a-site 

are attributed to the presence of Si"^**” ions at the d-site. 

The higher values of IS observed at 80 K and 293 K are not 

understood by us clearly. One possible reason may be the 

following. The radius of the Si*^"*" ion is 0.26 A as 

compared to that of Fe^”^ ion which is 0,49 This will 

lead to reduction in the size of tetrahedron whereever 

Si"^"^ has substituted Fe^"^ ions. Further the ion has 

4-f 2^ 

more positive charge and hence the Si - 0 size may 
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decrease and Fe ' - 0 size may increase. As a result the 
s-electron density decreases at the Fe^"^ nucleus at the 
Fe^"*” tetrahedral site and this gives rise to a larger IS 
value. 

The EPR measurements were carried out for samples 
CIO, Cll, C12, C21, C22 and C33 (Fig. 3.5) at 298 xK. The 
EPIi spectrum of the as-prepared sa.mple CIO shows a broad 
resonance (g 2,1) which is attributed to the amorphous 
nature of this sample. The other heat-treated samples Cll, 
Cl2, C2l and C22 shov; two or three sharper resonances 
(g ^ 1.6, 2,0 and 2.6) and these are ascribed to the presence 
of more than one phase in all these samples. The large line- 
width AH 1000 Oe and the values g «^2.0, 2,6 confirm 
the formation of Fe^"^ - 0^~ - Fe^"*” and Fe^"^ - 0^” - Fe^"^ 
superexchange coupled pairs and the appearance of inter- 
particle dipolar interaction between precipitated Y-Fe 202 , 
and YIG crystals in these samples [34], 

The sample C33 exhibits a sharp resonance line 
with aH -zi 300 Oe and g 'ir 2.1 (Fig, 3.5). The resonance 

g<iic2,6 which arises because of the presence of the distorted 

3+ 

octahedrally and/or tetrahedrally coordinated Fe magnetic 
site [5,35] is absent in the sample C33, Only one resonance 
g cr 2,1 and aH jcj 300 Oe, therefore, confirms the fact that 
the nucleating agent (As^O^ + Ag 2 C) activates YIGiSi 
particles to grow free from structural defects. 
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As prepared glass sample CIO and various other heat- 
treated samples exhibit strong absorption of radiation from 
the near IR to the UV region. The optical absorption 
spectra obtained for samples CIO, 022 and C33 are shown in 
Fig. 3.6. The spectrum from the sample CIO has very low 
absorption intensity in the UV (330 - 200 nm) region. The 
intensity in this region rapidly increases as heat-treated 
glass crystallizes. The spectrum shifts as a whole from 
the visible to the UV region in the case of series having 
the composition 01 and C2 (the representative sample being 
022). The sample C33 indicates absorption having maxiinum 
intensity at 550 nm accompanied by weak satellite bands 
extending in the UV region. 

The increase of the absorption intensity in the UV 
region observed for the heat-treated samples is characteri- 
stic of the growth of the YIG crystalline phase. The 
spectrum of pure YIG [36] is often obscured below 400 nm 

(absorption becom*es infinitely large) by the strong absor- 
2— 3+ 

ption of 0 - Fe charge transfer bands and/or the 

continuous energy spectrum due to Od"^ ■* 3d^ 4p‘^' (Fe^’*’) 
transition. This prohibits the measurement below this 
cut off limit even with a crystal as thin as 0,5 mm (in 
thickness) used by Clogston [36]. The 3d'^ 4p^ excited 
states, in fact, lie far below the UV region but a strong 
crystalline field, as in YIG, depressesthese energy states 
and extends them in the UV region [37], On account of 
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Magnetic Field, H (Oe) 


Fig. 3.5 EPR spectra of sample CIO, C22, C11, C12 
and C33. 



Fig.3.6 The electronic absorption spectra for sample CIO, C22 and C33 
Band marked by arrows refer Fe absorption Ji-vibronic band 
Absorotion scale is aiven for samole C33. 





. ~ do not show 

the above reason, the present glass system 

Thp strength of 

appreciable absorption in the UV region. 

, ^ ira-TTPS for the 

the crystalline field of YIG is reduced and 

-j- j, -fo-r the sample 

different samples showing a maximum eirecu 

C33 (which exhibits relatively weak absorption in 

region in Fig. 3.6). 

The electronic transitions of Fe cations hav 

extensively studied in YIG and other iron-containing 

systems [37-39]. In a close analogy, therefore, the 

spectrum shown for sample C33 (Fig. 3.6) can be easi y 

assigned to various Fe^"*" electronic transitions in 

u-T n 7 1 The bands 

tetrahedral and octahedral sites (Table o,//* 

*1 1 at 

associated with tetrahedral sites usually lu 

/ \ 1 - • ' + «;+Tonger intensity 

wavelengths (higher energies) and exhibir 

, 1 c-ites. This is 

than the corresponding bands at octahedral s 

T' 3+ _+ 

in accordance with well-known criterion tnai 

^ LI t 

tetrahedral sites exhibit an intensity v^hich is 
times higher than that at the octahedral sites [38]. 
anomolous peculiarity of the results in the sample *3 

the fact that it exhibits much enhanced intensity 

6 4 -I cite assig'nod 

- Tj^ transition in the tetrahedral Fe 

for-K/ 550 nm band group. The multiple band structure 

corresponds to Stark splitting of the excited state 2. 

The intensity (integrated) ratio for the corresponding 

bands in tetrahedral and octahedral sites is estimate 

be -rsy' 100, This is much larger than the expected rati 
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Sa- 
lable 3.7 s Absorption bands of Fe corresponding to the 

different sites in 7IG observed in sample C33. 


Octahedral site 

Tetrahedral site 

Tam 

Transitions 

870(0,55) 

563(4.0) 

^A. ^ ^T, (G) 


549(5.5) 

1 1 ^ 


540(5,3) 



534(5.2) 


768(0.80) 

515(3.4) 

4 , X 


499(3.0) 

6^^ ^ % (G) 


480(2.3) 



400(1.7) 

6a - 4p (G) 
^1 


365(1.3) 



342(1.0) 



332(0.9) 

6. -* 4 (D) 

^1 U 


252(0.4) 

% " ^^1 


230(0.3) 

f, 9 - V 


205(1.1) 

^Aj_ " (F) 


Absorbance (per cm thickness) are written in parentheses s 
The bands corresponding to octahedral sites below 400 nrn 
are not identified. They are marked in the strong absor- 
ption due to the tetrahedral sites. 
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r- / 3 + 

lo (the ratio of Fe cations for YIG in the two sites is 
3s2). 

In conformity to our Mossbauer results, the above 

4-1- 

observation suggests substitution of Si ions at the 

tetrahedral site in the gai'net lattice. A most plausible 

reason which could account for the additionally induced 

intensity (electric dipole moment) seems to be the presence 
4+ 

of Si at the tetrahedral site. The formation of coupled 

Fe^'''-Si'^'*' dipole pairs in the resulting system would impart 

expectedly large dipole moment [40] by increasing the Fe-Si 

4 -)* 

bond length. This is because of the fact that Si has smaller 

radius ~ 0,26 A) and more charge than Fe^"*” (0.4b A). 

2+ 

Also in YIGsSi few Fe ions are produced at the octahedral 

2 + 

sites and the bands characteristic of Fe are shown in 
Fig. 3,6. 

3.3 STUDY OF THE PRECIPITATION OF HEXAGONAL FERRITES 

(BaFej^202g> BORATE GLASSES 

In the previous section we have presented the 
results of our studies of the sodium silicate glass 
ceramic system Na20“Si02~Fe202-Y202 in which mainly the 
YIGsSi was precipitated with the help of different 
nucleating agents' like 31202, 
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In this section of the present chapter we shall 
present the results of our studies of borate glasses 
(M0-B202“Fe2C2 where M = Da, Sr or Pb) in which hexagonal 
ferrites are precipated. No nucleating agent was added 
to this glass system because the borate glass system 
acts as a self-nucleating system. The ferrites 3aFej^2^1o 
(denoted as Bafvi in the literature), SrFej^20x9 
as SrM) and PbFe^/pO^g (PbM) were developed long ago by 
V^ent et al. [4l] and Fahlenbrach and Heister [42] as a 
typical hexagonal f errimagnetic oxide for permanent 
magnetic materials. These ferrites were also used as 
materials in the magnetic information storage methods 
such as master tapes and magnetic cards. 

Recently bariurn-f errite particulate media have 
generated considerable excitement because of their 
interesting digital and analog applications such as the 
possibility of superior recording performance at relati- 
vely low cost [ 43 ]. These applications arise because 
barium ferrite particulate media provide mass producible 
perpendicular recording media utilizing existing coating 
facilities. The barium ferrite particles when synthesized 
by the glass crystallization method, display suitable 
properties for making the particulate perpendicular media. 
Such media (consisting of these particles) allow high 
density recording even in a low coercivity range in which 
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a ferrite head is usable without saturation. Such media 
further offer several advantages like excellent mass 

producibilit y , high recording density, good oxidation 

and 

resistance ^ preservation of existing head-medium interface 
[43], Barium ferrite particulate media have been utilized 
in fields ranging from audio and video recorders to 
flexible disk memories, as promising high density 
recording media. 

At this Institute, Ram et al. [ 44 ] have developed 
glass ceramics containing barium and strontium hexaferrites 
respectively as the major phase, which have 'been developed in 
the glass system M 0 -B 202 ”F 620^ (M = Ba, Sr). The optimum 
conditions for crystallization of the hexaferrite phase 
have been examined by varying the nucleation and growth 
times. These workers [ 44 ] have determined that the hexa- 
ferrite is the major magnetic crystalline phase in most of 
the samples and they have shown that the microstructure, 
coercivity and other magnetic properties are strongly 
dependent on the heat-treatment schedule. In another 
paper Ram et al. [ 45 ] have reported similar studies on 
hexagonal lead ferrites. V\le, therefore, thought it 
interesting to study the magnetic phases in M0-B202-Fe202 
(M = Ba, Sr or Pb) by Mossbauer spectroscopy. To this 
end v^e have varied the heat-treatment schedule and studied 
the Mossbauer spectra of such heat-treated samples. Results 
of these studies are described in detail in the following. 
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3,3,2 Experimental 

The glass compositions chosen for the three 
M0-B202“Fe202 systems were (_ b;^ 'jjr Xj 

(i) 35 BaO - 40 B2O3 - 25 Fe203 

(ii) 35 SrO - 40 B2O3 - 25 Fe203 

(iii) 47 SrO - 28 B2O3 - 25 Fe203 

(iv) 50 PbO - 30 B2O3 - 20 Fe203. 

The glasses were prepared by melting and casting the 
required mixture of oxides (reagent grade chemicals) in an 
alumina crucible between 1400 K and 1750 K in an electri- 
cally heated furnace [44, 45], The samples were then 
heat-treated. in two successive steps at various combinations 
of nucleation and growth temperatures to obtain ceramised 
glasses. 

The as-prepared glass sample for the abov^e four 
compositions were labelled as BIO, SIO, S20 and PIO 
respectively (Table 3.8). The schedule of heat-treatment 
given to these samples is described in Table 3.8 where 
the temperature and period of the nucleation and crysta- 
llization stage are given. The glass transition (Tg) 
and crystallization (T^) temperatures were estimated 
from DTA obtained on an. MOM Hungary derivatograph. 

The as-prepared glasses as well as the heat-treated 
glasses were powdered and the absorbers for Mossbauer 
spectroscopy were prepared by following the method 



Table 3.8 s Sample lables and details of heat-treatment given to different glass 

composition (heat-treatment is described in terms of teperature/period) 
with X-rays- and magnetization data. 
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described earlier (Sec, 3.2). Mossbauer spectra were 
recorded at room temperature (293 K) with the apparatus 
described earlier. 


3.3.3 Results and Discussion 

The Mossbauer spectra from the as-prepared glass 
samples BIO, SIO, S20 and PIO were observed to be similar 
(Fig. 3.7) and they all showed three lines which could 
be decomposed into two doublets. Such an analysis of a 
representative sample S20 is shown in Fig, 3.7(a). The 
Mossbauer parameters of the two doublet spectra arising 
out of S20 are as follows (Table 3,9). 

(i) IS = +0.445 + 0,005 mm s"”'^, = 1.040 + 0.010 

mm s~^ and V* = 0-^8 + 0.01 mm s~^. This spectrum 

3+ 

can be assigned to Fe in six coordination with 
0^"* ions [46, 47], 

(ii) IS = +0,977 + 0.005 mm s~^, E = 2.60+ 0,01 ram s""' 
and r = 0,58 + 0.01 mm s~^. This spectrum is 

9 , 

attributed to Fe in glassy medium [48], 

The large value of the line-widths f” ) observed 
by us are characteristic of borate (and other) glasses. 

The probability distribution P(V) for the EFG (V^^) 
corresponding to two doublet spectra for S20 are shown 
in Fig. 3, 7(b), The numerical values for various para- 
meters related to the P(V) distribution are given in 
Table 3.9. 
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Table 3.9 ; Different i.ibssbauer parameters for sample S20 
at 293 K. 

ivlbssbauer parameter obtained from Lorentzian least square 
fit program. 


Doublet 

IS(a) 

•AE (b) 

r(c) 

1st 

+ 0 . 445 

1.040 

0.58 

I In cl 

0.977 

2.60 

0.58 

Different 

parameters related 

to the P(V) 

distribution . 


Doublet Mean value aE FVJHivi of the 

2 l-iVOV DiS" 

i tribution 

■l^ / -1' 


AJj 


Number of 

Fourier 

Coefficient 


(mm 


■) 


(mm 


■) 


1st 


0.91 


0.04 


20 


1.46 


iind 


2 . 45 


0.71 


(a) IS = Isomer shift, values in mm s~^ with respect to voory 

a-Fe s Typical error is + 0.005 mm s-l. 

(b) AE == Electric quadrupole splitting in mm s“^ s 

Typical error is + O.Ul mm s~l. 

(c) p(Fi/7Hj\i) = D'idth of the spectral line, value in 

mm s-1 ; Typical error is + 0.0l'"mm s-1. 
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I 



(a) 



Velocity (mms”’) 
(b) 



(c) 


Fig. 3.7 (q) Mossbauer spectrum of S20 at 293K 

(b) S20 spectrum resolved in two doublet 

(c) Distribution of the electric field 
gradient, P(V), at ®^Fe nuclei in S20. 
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We now turn our attention to the Mossbauer spectra 
of heat-treated samples, taking the 35 BaO-40 B 2 O 3 - 25 Fe 203 
sample first. The spectra pf these samples Bll, Bl2, B13, 
314, B15 and 316 are shown in Fig. 3.8a”3.8b. All these 
spectra appear complex in nature. Taking olue from the 
results of Ram et al. [44] on X-ray analysis etc. (See 
Table 3,8) we looked for the presence of the magnetic 
phases BaFej^ 203 g ^nd a-Fe 203 . It is known that the 
Mossbauer spectrum of BaFej^2029 consists of five sextets 
arising out of five different magnetic sublattices [49,50]. 
The sublattice magnetization of 3 aFe^ 2 ^^g has been 
studied by Van Loef and Franssen [5l] and by Kreber et al. 
[52]. Fundamental properties of hexagonal ferrites with' 
magnetoplumb ite structure have been reviewed by Kojima 
[53, 54], In Fable 3.10 we summarize the Mossbauer 
parameters of the five sextets assigned to BaFe 320 i 9 in 
these (Bll to B 16 ) samples. The assignment of the sub- 
lattice (a, b, c, d or e) has been made on the basis of 
the value reported by Van Loef and Franssen [bl] 

and Kreber et al, [52]. it may be pointed out that the value 
of (for each sublattice) obtained for the Bll 

sample appears much lower than the corresponding 
values for other (B12 to B16) samples. V/e ascribe this 
behaviour to the effect of super-paramagnetisra arising out 
of incomplete crystallization in sample Bll (since its 
second stage heating was done at 895 K as compared to 
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Fig. 3,8 (g) Mossbouer spectra at B11, B12, and B13 at 293K. 
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Table 3*10 : Mossbauer paraaneters of samples Bll, Bl2, B13, 
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> 1015 K for other samples. See Table 3,8). Because of 
this behaviour, the results of the values of Bll were 

not considered while assigning the sublattices. In other 
words the sublattice were assigned using the values 

of the samples Bl2 to B16. The sublattices in the sample 
bll were assigned by examining the values of IS and ^ 
and by comparing them with the values for the other 
samples Bl2 to 316. 

Table 3.10 also shows tne Mossbauer parameters of 
the a-Fe 202 phase present in varying degree in samples 
B11-B16, It is observed that the volume fraction of 
a-Fe202, as deduced from Mossbauer spectra, is smaller 
in samples B13, B14 and 316, Ram et al, [44] had previously 
studied the samples B13, 315 and B16. The data for the 
values of magnetization M and coercive field , temperature 
T as well as the crystalline phase identified by them 
from X-ray analysis for samples B13, 315 and B16 are also 
reproduced in Table 3.8. 

We have been able to identify different magnetic 
phases and optimum temperatures and time periods for 
maximum volume fraction of BaM in the present glass system. 
The a-Fe202 phase is present in all the samples (311-B16) 
although in varying proportion. The X-ray diffraction 
studies [ 44 J, however reveals the presence of the Baii 
phase (and no a-Fe 203 ) in B16. It is known that there is 
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no 1»1 correspondence between the results about volume 
fraction of a phase obtained from X-ray diffraction and 
iiossbauer spectroscopic results particularly when the 
volume fractions involved are small. This behaviour 
probably arises out of the different size (and nature) of 
samples required for the two techniques. Results of the 
magnetic measurements in the present case [44] provide 
evidence that fine particles of present 

along with a-Fe202. This is indicated by the plot of 
magnetization ve rsus magnetic field for different samples, 
where it was observed that none of these samples saturates 
upto a field of 10 kO. 

According to the results of our Mossbauer measurements 
(Fig. 3.8a-3,8b), the maximum volume fraction of BaM is 
present in sample B14. It is indicated, on the basis of 
Mossbauer measurements, that the optimum nucleation tempiera- 
ture is 850 K and optimum crystallization temperature is 
1065 K with time periods being 2h and 20h respectively 
(Table 3.10). Vife now discuss each of the samples in the 
series Bll to B16 on the basis of their Mossbauer 
measurements. The presence of a-Fe202 is indicated in Bll 
as shown by the intense lines characteristic of a-Fe 202 . 
While going from sample Bll to the sample Bl2, the nuclea- 
tion temperature (850 K) and time period (2h) (Table 3.8) 
remains same but the crystallization temperature is ' 
increased from 895 to 1015 K. This has led to a reduction 
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in the volume fraction of a-Fe203 (Ft'S* 3,8a). We also 
observed that the volume fraction of different phases is 
also affected by the time period of heat treatment given 
to the samples. As we go from the sample B13 to B14 the 
nucleation temperature and the time period as well as the 
crystallization temperature remains same but the time 
period for the crystallization stage is increased from 2h 
to 20h. This has resulted in the reduction of the volume 
fraction of the a-Fe202 phase. It is possible that the 
increase in the crystallization time period helped Fe203 
and barium borate to react and to give rise to BaM. 

Similar result was reported in the case of the synthesis of 
BaM from a mixture of barium-carbonate and iron oxide [55], 
These authors found that 3aFe2C>4 is formed as an inter- 
mediate product which further reacts with Fe203 to give BaM. 
In the case of our present composition it is likely that 
BaB20g is the main intermediary product because the 
temperature of heat treatment is much lower than what was 
used for the ceramic method [55], 

We shall now discuss the results of our studies 
of the systems 35SrO—40B203*“^^F 62^)2 and 47SrO— 28B2O3— 25Fe203 
through the samples Sll, S12 and S2l (Table 3.8). The 
Mossbauer spectra of all these three samples (Sll, S12 
and S21, see Fig. 3.9) show non-flat base line which is 
an indication of the effect of spin-fluctuationsarising 
out of superpararaagnetism [56]. In the case of sample 
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Fig. 3.9 Mossbouer spectra of 511, S12, S21 at 293K. 
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511, the MSssbauer lines corresponding to a-Fe202 are seen 
distinctly with the relevant Mdssbauer parameters as 
IS = 0,36 + 0.01 mm s"^, aE = -0,l2 mm s ^ and = 

515 + 5 kOe. In addition to the lines arising out of 
a;-Fe202, the spectrum of sample Sll shows the presence of 
other lines which are assigned to the five magnetic 
sublattices of SrFj^ 2 C' 2 g (SrM) as suggested by Kreber et al. 
[52] and Belov et al. [57]. Following Kreber et al, [52] 
we observe that the lines due to the sublattice V(b) and 
Ill(d) appear too close to be resolved while the other 
lines duo to the sublattices 1(a), 11(c) and IV(e) appear 
resolved (Fig. 3,9). The Mbssbauer parameters for the 
sublattice of SrFe^ 20 l 9 analyzed by us from our spectra 
are shown in Table 3.11 where these results are also 
compared with the Mossbauer parameters reported by 
Belov et al, [57] for SrFej^oOj^^, It is seen that there is 
good agreement between our results and those obtained by 
Belov et al, [57], We, however, observe from our spectra 
that the intensity of the spectral lines due to V(b) and 
Ill(d) sublattices is lower than those due to the 1(a) 
and Il(c) sublattices. We ascribe this behaviour to the 
presence of a-Fe202 along with SrM in our samples, which 
make the computer analysis of the spectra difficult. Vde 
further point out that the X-ray analysis (see Table 3,8) 
does not reveal the presence of a-Fe 202 in the sample 
Sll. Once again this type of behaviour shows that the 
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two techniques, X-ray diffraction and iVfossbauer spectroscopy 

differ in their sensitivities because of the different 

nature (i.e. thickness, powdered nature, surface or bulk 

studied etc.) of the samples analyzed. 

The Mdssbauer spectrum for the sample Sl2 shows the 

presence of spectral lines from a-Fe203 and SrM, (Fig. 3.9) 

although the amount of a-Fe202 in the sample Sl2 appears 

to be lower than that in the sample Sll, It is further 

observed that the intensity of the low-velocity lines is 

higher in the Mdssbauer spectrum of sample S12 and this 

suggests the presence of phases other than a-Fe203 and 

SrM. These additional phases could be ST 2 pe 2 ^s 9 
IV III 

SrFe O^-SrFe Q2.5* However the Mbssbauer spectrum of 

SrFe^^03-SrFe^^^02^5 is known to give a single line [SS] 

at a velocity indicated by a dotted arrow in Fig. 3.9. 

TV 

It is seen that at this velocity the line due to SrFe O3- 
III 

SrFe Op. 5 totally masked by the lines due to a-Fe203 

and SrM. It is therefore difficult to confirm the presence 
IV III 

of SrFe 03-SrFe 02^5 in our spectra. It has been 
reported [59] that Sr3Fe20^^^ gives rise to three lines in 
the Mossbauer spectrum with a singlet due to Fe^^ with 
IS = -0.32 mm s“^ and a doublet due to Fe^"^ with 
IS = +0,32 mm s and aE = 0,40 mm s*”'^. We have 
indicated the expected peak position of these three lines 
due to spectrum (Fig, 3,9) by solid 
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arrows. We feel, therefore, that there is evidence for 
the presence of Sr2Fe20^ ^ phase in sample S12 as revealed 
by our Mossbauer spectrum. In Table 3,11 we have given 
the Mossbauer parameters of Sr2Fe20g^ g as analyzed from 
our spectra. 

The Mossbauer spectrum of the sample S2l also shows 
the presence of a-Fe202, SrM and Sr2Fe20^ g (Fig. 3.9). 

The Mossbauer parameters obtained for the sample S2l are 
given in Table 3,11, where it is observed that the experi- 
mental errors are relatively larger for the sample S2l, 

This effect is due to the fact that different lines in the 
Mossbauer spectrum for the sample S2l are poorly resolved. 
We ascribe this behaviour to the composition of the sample 
S2l (47SrO-28B202-25Fe202) which is different from that of 
the samples Sll and Sl2 (35SrO-40B202-25Fe202) . 

A comparison of the results for the three samples 
Sll, S12 and S2l is in order here. All these three 
samples show the presence of a-Fe202 and SrM while the 
samples S12 and S2l indicate the presence of the additional 
phase Sr2Fe20^ g. We feel that the phase Sr2Fe20^ g is 
being crystallised in the samples Sl2 and S2l because tho 
heat-treatment of these two samples involves nucleation 
and crystallization at temperatures higher than that for 
the sample Sll (Table 3.8), If the aim of the heat- 
treatment is to achieve a more efficient precipitation 
of SrM then our results indicate that the heat-treatment 
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Table 3.l2 i Mossbauer parameters of samples Pll and Pl2 
at 293 and CO K. 

Sample Double Spectra Six-line Spectra 


Temperature IS(a) AE(b) T'Cc) lS(a) aE (b) (d) r(c) 

K -J -1 -1 -1 -1 _ __ -1 


K 

mms~^ 

mms 

miiis"'^ 

mms 

-1 

mms 

KOe 

mms”^ 

P 11/80 K 

0.38 

1.85 

0.32 

0.46 

0.16 

540 

0.32 

PI 1/2 93 K 

0.30 

1.81 

0.32 

0.36 

-0.12 

512 

0.33 

P12/80 K 

0.39 

1.69 

0.32 

+0.02 

0.46 

0.18 

540 

0.34 

P 12/2 93 K 

0.34 

1.72 

0.31 

+0.02 

0.36 

0.12 

512 

0.32 


YOO*n(n 1 1 

(a) IS = Isomer shift measured with respect to a-Fe t Typical 

error + 0.01. ^ 

(b) aE = O'uadrupole splitting i Typical error + 0.01 mm s“^. 

(c) (FwHM) = Vi/idth of the spectral line : Typical error 

+ 0.01 mra s~l. 

(d) H. , = Internal magnetic field at Fe nucleus 

Typical error + 3 ItOe. 
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the amorphous nature of PbM (short range order in PbM). 

The other structure observed in the Mossbauer spectrum 
of Pll is not fully developed and it might be due to the 
weak contribution arising from the partial crystallization 
of the five magnetic sublattices of PbM, All this behaviour 
could be due to the possibility that the temperatures 
employed in the heat-treatment of Pll are too low for a 
proper nucleation and crystallization to occur and this 
might give rise to amorphous nature and poor formation of 
PbM observed here. 

The MSssbauer spectrum of the sample Pl2 shows the 
presence of a-FeoO^ and the doublet (seen in sample Pll). 
However no other structure is observed, although the 
nucleation and crystallization temperatures are higher than 
those used for the sample Pll (Table 3,8). The Mossbauer 
parameters obtained for the sample P12 are given in Table 
3.12. We see that the values for IS, aE and observed 
for the doublet spectrum in sample P12 are not much 
different from those observed for the sample Pll. It may 
be added that we measured the Mossbauer spectra for the 
samples Pll and P12 at 80 K also and the observed Mossbauer 
parameters are given in Table 3.12. No additional informa- 
tion or interpretation was available from these measure- 
ments made at 80 K. We, therefore, feel that the temperature 
used by us in the heat-treatment of the samples Pll and P12 
are not the most appropriate for efficient crystallization 
of PbM for the glass composition used by us. 
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3»4 SUivMARY A^JD CONCLUSIONS 

In this section we shall summarise the results 
presented earlier in this Chapter and shall put forth the 
important conclusions arising out of our work. For the 
sake of convenience we shall divide our discussion by 
summarising the study of YIG systems in sodium silicate 
glasses first and the study of hexagonal ferrites in borate 
glasses next. 

The main aim of our study of sodium silicate glasses 
was to examine the precipitation of the magnetic YIG phase 
in these glasses particularly in relation to three factors 
(i) their composition, (ii) nucleating agent and (iii) the 
heat-treatment given. Our studies have shown that each of 
these factors affecis the precipitation of the magnetic 
phase with accompanying changes which can be studied by 
Mossbauer spectroscopy. In the case of samples CIO, Cll 
and Cl 2 (composition Si02» Na20, 9 ’/- Y2^3» 

1620^ and 2 /< Bi202), the heat-treatment results in the 
crystallization of the magnetic phase due to a-Fe203. 

The amount of YIG phase, as observed by our Mossbauer 
studies, was not significant although the X-ray diffrac- 
tion studies indicated that the amount of the YIG phase 
in the sample Cll was swali while in the sample C 12 it was 
fairly large. Such differences in the estimation of volume 
elements of different compounds as observed by Mossbauer 
spectroscopy and by X-ray diffraction studies are known 



128 


to occur [50 ]• These differences arise out of the different 
sensitivities of the two techniques with regard to the 
nature of samples used (i.e, thickness and method of prepa- 
tion of the samples, surface or bulk characterization probed 
by each technique etc.). Although the schedule of, heat™ 
treatment for the samples Cll and Cl2 was different in 
respect of the time period for nucleation stage, the 
Mbs sbauer spectra and the resulting parameters did not show 
any change in going from Cll to Cl2, V'Je thus conclude that 
for this composition (series Cl), the heat-treatment given 
by us does not lead to significant precipitation of the 
YIG phase in the sodium silicate glasses. 

Considering the results for the samples C20, C2l 
and C22 (having the composition ^49. 6>< Si02, 33,6>< Na20, 

5.9>< ^20^, 10*1;^ Fe202, 0.8/, Bi202) we see that their 
general behaviour is similar to the samples CIO, Cll and 
Cl2 in that only the magnetic phase due to a-Fe202 is 
precipitated in a significant manner after the heat- 
treatment is given. 

by 

The sample C41 has the composition 48?^ SiO^, 26/ 

Na20, 9/ Y2O2, ll/ ^©2*^3 ^ small (0,5 wt /) amount of 

Pd (which acts as a nucleating agent). We did not observe 
any precipitation of the YIG phase and only a-Fe202 was 
precipitated after the heat-treatment given (Table 3.2 ). 

A comparison of the samples of series Cl, C2 and C4 shows 
that changing the composition and the nucleating agent 
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from Bi^O^ to Pd does not bring in the precipitation of 

the Ylb phase. It may be pointed out that we have raised 

the time period of the crystallization stage from 2h to 

24h in going from the sample C2i to C22. Yet this heat- 

treatment has not helped to precipitate the YIG phase. Vve, 

therefore, conclude that the composition and nucleating 

agent chosen for the samples belonging to the series Cl, 

C2 and C4 is not appropriate enough for the precipitation 

of the YIG magnetic phase in these sodium silicate glasses. 

There is, however, a change in the magnetization (M^) 

measured for these samples and the values of M observed 

s 

[18] with CllJ Mg = 0.3 (emu/gm), Cl2 s 0.3 (emu/gm), 022 = 
6.0 (emu/gm) and 041 = 2,0 (erau/gm). Precipitation of the 
YIG phase has, however, been observed in some of the samples 
belonging to the 03 series having a compos it ion ^48>i Si02, 

26j^ Na20, 9/^ ^2*^3? 16^: ^©203, 0.5/o Ag20 and 0.5/ AS2O3 
with the (Ag20 + AS2O3) acting as nucleating agents. As a 
result of the heat-treatment the samples 031, 032 and 033 
showed a behaviour much different from those belonging to 
the series 01, 02 and 04. The sample 031 showed a weak 
amount of the YIG phase being precipitated after the heat- 
treatment. The low intensity of these lines did not allow 
us a satisfactory analysis of the M8ssbauer spectra 
observed for the sample 031. In going from the sample 031 
to 032, the nucleating temperature was raised from 555Kto 
865 K and the crystallization temperature was raised from 
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505 to 905 K and this resulted in an increase in the amount 
of the YIG phase being precipitated. However the amount 
of YIG phase seen in the sample C32 was still not large 
enough as observed in the MJ^ssbauer spectra. Only when 
the nucleating and crystallization temperatures were raised 
to 1000 K and 1095 K respectively for the sample C33j could 
we observe a sizable amount of the YIG phase being precipi- 
tated. The spectral lines due to a-Fe^jO^ and Si-substituted 
YIG could be separated in the MSssbauer spectrum of 033 
in a clear manner. The analysis of the Mossbauer parameters 
for the sample 033 has helped us to assign the observed 
spectra to the different sites (d, a'and a) of the magnetic 
sublattices in the Si-sijbstituted YIG phase. Oloser 
examination of the Mossbauer parameters have further 
enabled us to compare the results for the Mossbauer spectra 
of Si-substituted YIG and pure YIG and has allowed us to 
explain the observed differences in terms of the effects 
arising out of the substitution of Si in YIG. It can be 
concluded, on the basis of these observations that the 
characteristics of Si-substituted YIG are different from 
those of pure YIG. This conclusion is supported by other 
studies reported by other workers [26-28], 

The studies of the present samples carried out by 
the EPR and optical spectroscopy techniques support our 
results of Mossbauer spectroscopy. Thus the EPR spectrum 
of the sample C33 showed a sharper spectrum indicating 
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the precipitation of YIG in a larger amount. The optical 
spectra observed for C33 shovifed a distinctly different 
character for the Fe^"*" ions at tetrahedral and octahedral 
sites. The difference in the intensities arising from 
Fe^^ ions at these two sites have been explained in terms 
of the increase in the Fe^"^ - Si"^ bond length (which 
arises from the smallness of the radius of Si and its 
larger change). 

V\le now summarize the results of borate glass 
systems in which hexagonal ferrites (Ba]\A, SrM and PbM) 
were precipitated. Let us first consider the system 
35Ba0-40B203-25Fe202 in which BaM was precipitated after 
giving suitable heat-treatment to the as-prepared (as- 
quenched) glass sample. The sample Bll which was given 
a heat-treatment schedule 850 K/2h (nucleation temperature) 
followed by 895 I</20h (crystallization temperature )showed 
the precipitation of the two phases ; BaM. 

The Mdssbauer spectrum of the sample Bll showed a six-line 
spectrum due to a-Fe 203 and four other six-line spectra 
(sextets) attributed to five magnetic sublattices of Ba'A. 
The observed values of for different sublattices of i 

BaM were found to be lower and this reduction has been 
ascribed to the nature of small particles precipitated 
in Bll. In going from the sample Bll to B12, B13 and 
B14, the he at -treatment schedule was altered (Table 3.8 ) 
and this led to changes in the precipitation of a-Fe 203 
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and Baivl phases which could be observed by Mdssbauer spec- 
troscopy. Thus we found in the case of Bl2 that the 
particle size of BaiVi was enhanced giving rise to a clearer 
resolution between the Mossbauer spectra due to different 
sublattices. The amount of a-Fe202 precipitated was more 
in the sample B12 but was less in the samples B13 and B14. 
Taking an overall view of the results for the samples Bll, 
312, B13, B14, B15 and Bl6, we summarize that in 35BaO- 
40B202“25F 020 ^ systems the choice of nucleation temperature 
850 K and crystallization temperature 1065 K is optimum 
for the precipitation of BaM (as far as the control of 
particle size and volume fraction of BaM is concerned). 

Let us now consider the 35SrO-4OB2O2~2;5Fe2O0 system 
of which the heat-treated sample Sll and Sl2 were studied 
by us. The present Mossbauer spectroscopic studies have 
shown that the heat-treatment schedule given to the sample 
Sll resulted in the precipitation of the a-Fe202 and SrM 
phases, the latter giving rise to the spectra due to the 
five magnetic sublattices. In the case of the sample S12 
additional magnetic phases Sr 2 Fe 20 ^ g and perhaps S3:'^f'e2®6 . 2 
were also precipated as a result of the higher nucleation 
and crystallization temperatures. Comparing the results of 
the samples Sll and S12 we feel that for the composition 
35SiO-40B202“25Fe202 the heat-treatment schedule involved 
in Sll is more preferable for the clear-cut growth of the 
SxM phase. Although the volume fraction of the a-Fe202 
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phase is somewhat larger in the case of sample Sll, compared 
to Sl2 it is relatively free from the growth of other magnetic 
phases. A change of the composition to 47Sr0-28B202-25Fe202 
(sample S20 and S2l) does not seem to improve the matter . 
Perhaps this choice of the composition and the heat- 
treatment chosen by us was not the most appropriate. In 
summary, a comparison among the samples Sll, Sl2 and S2l 
the composition and heat-treatment involved in the sample 
Sll appears to be optimum for the growth of the SrM phase. 

In the case of the system 50Pb0-30B202-20Fe202 > we 
have tried only two heat-treatments as given to the 
samples Pll and Pl2. Somehow for this composition and 
these heat-treatments the yield of crystalline PbM appears 
to be very low. Some other composition involving different 
heat-treatments should be investigated to find out the 
optimum combination for good growth of crystalline PbM 
phase. 
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CHAPTER 4 


MOSSBAUER AND OTHER STUDIES OF 
LaCo^_^ Zr^Os 

4.1 INTRODUCTION 

The fundamental problem in the study of transition 
metal oxides is to find an adequate description of their 
outer atomic electrons so that the rich variety of their 
physical properties could be explained satisfactorily. 

It is well-known that when atoms are brought together to 
form a crystal, the spin and valence states of the atoms 
and the degree of the overlapping of different atomic 
orbitals within the crystalline array determine the 
properties of the crystal. Two limiting theories exist 
for describing the state of outer electrons of atoms in 
the crystal. In one, the outer electrons are assumed to 
be localized at specific atomic sites and the states of 
electrons are described by the crystal field theory. In 
the other, the outer electrons are assumed to be collective, 
belonging to the crystal as a whole and are described by 
the band theory. The outer s and P orbitals of neighbouring 
atoms in a crystal overlap one another sufficiently to 
ensure a collective-electron behaviour. The electrons in 
these s and P orbitals are responsible for the binding 
energy of the crystal. The outer f electrons, on the 
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other hand, are tightly bound to the atomic nucleus and 
are largely screened from the neighbouring atoms by the 
core ^ and £ electrons of larger principal quantum number. 
The outer electrons, however, are always described by a 
local ized-electron theory. The outer d electrons are 
intermediate, sometimes treated as collective and sometimes 
as localized. As a combination of all these effects, the 
transition metal compounds possess a rich variety of 
physical properties and they form a subject of several 
interesting studies. 

In view of the above, the compounds TaF^j MoF^, WO3 
etc, having ReO^ structure (where the ReO^ structure 
consists of a simple cubic cation sublattice with anion at 
the center of the cube) and LaCoO^, SrFeO^, BaTiO^ etc, 
having the cubic perovskite structure (in the perovskite 
structure the body center position is occupied by a large 
cation) have been investigated extensively by using 
different experimental techniques. 

Among these perovskite oxides, LaCoO^ has been a 
subject of extensive research [I-6] because of its intere- 
sting electrical and magnetic properties. Along with 
LaCoO^, the substituted LaCo03, where different transition 
metal atoms have been substituted at the La site as well 
as at the Co site, have been investigated by several 
workers [ 7 - 18 ], In our laboratory previous w^ork has 
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been reported about EuCoO^, YCoO^,' ErCoO^ and La^_^ Sr^CoO^ 
9~ll] and about Laj^__^Sr^COj| _yTiy02 [17], We have extended 
this work to the system LaCoj^ 
and X = 0.1, 0.3 and 0.5 by means of Mossbauer spectroscopy 
and magnetic susceptibility measurements with an aim of 
observing the effect of 4d transition metal elements on 
LaCoO^. These results of our present work are being 
reported in this Chapter and they will be discussed by 
comparing them with the results for LaCoO^ and substituted 
LaCoO^. 

It is known [2-4] that the transition metal oxides 
with low cationic spin (s < 1/2) exhibit metallic conduc- 
tivity and Pauli paramagnetism. The d electrons in these 
oxides are treated as collective and are well described by 
band theory (e.g. LaTiO^ and LaNiO^). On the other hand, 
transition metal oxides with high cationic spin (s > 2) 
carry a spontaneous atomic moment that gives rise to a 
predictable temperature dependent magnetic susceptibility 
at higher temperatures and a magnetic order below a 
magnetic ordering temperature and the d-electrons in these 
oxides are treated as localized and their atomic moment is 
described by crystal field theory (e.g. LaCrO^* LaMnO^ 
and LaFeO^) [3-4]. In these cases the compounds having 
s = 2 exhibit Jahn-Teller distortion. The spin-state 
of transition metal ion in the compound is essentially 







determined by two factors ; (i) the crystal field splitting 
6.^^ and (ii) the exchange energy /Sqx' A cf ^ ex 

the low-spin state of the transition metal ion becomes 
the stable state as in WO^, LaTiO^? CaVO^ and ZnC 020 ^ 

[l-4j. On the other hand, the high spin state becomes 
energetically more stable if A cf ^ ^ex case of 

LaCrO^ and LaMnO^ [ 1-4,19]. If d low- 

spin as well as the high— spin states of transition metal 
ions can coexist as in the case of LaCoO^ [3-4]. 

Properties exhibited by the LaCoO^ system have 
been studied in detail by Raccah and Goodenough [l-4]. The 
variation in the slope of the inverse magnetic suscepti- 
bility versus temperature plot was explained by these 
workers as due to the variation of relative population of 
the low-spin and high-spin cobalt ions. Similarly it was 
proposed that the observed plateau in the inverse suscepti- 
bility versus temperature curve arose out of the short 
range order. This proposed short range order is also 
supported by DTA and other measurements. The symmetry 
of LaCoO^ is observed to change from R3c to R3 following 
the short range ordering. The first order transition 
arising out of the delocalization of the e^ electrons 
(localized at the lower temperature at high-spin Co'^ ion) 

to form a* band electrons at l2l0 K was observed. The 

3 + 

compound LaCoO^ becomes metallic at 1210 K and all Co 
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ions transfer to form a a band. The electron transport 
properties of LaCoO^ were explained in terms of temperature- 
variation of the spin and valence state equalibria of 
cobalt ion. It was further interpreted that the e^ a'^ 

transition could indicate that the crystal field and band 
limits of d electrons are two distinct thermodynamic states. 
The mechanism for the electrical conduction in LaCoO^ 

O 

assumed the formation of high-spin divalent and low-spin 

tetravalent cobalt ion pairs. 

Mdssbauer studies on the rare earth cobaltates 

carried out in our laboratory previously [9-11, 17] in the 

temperature range (78-1200 K) have shown how Mossbauer 

spectroscopy can be a valuable technique to study the spin- 

state equilibria in these cobaltates. The main advantage 

arises because one can prepare the source by thermally 

diffusing radioactive Co into the cobaltates and then 

perform Mb'ssbauer spectroscopic studies using the 14.4 keV 

57 

Mbssbauer gamma-ray in Fe. In the case of EuCoO^ one 

151 

could also perform Eu Mossbauer studies. 

Previous results of Mossbauer spectroscopic studies 

on EuCoO along with magnetic susceptibility, differential 

thermal analysis (DTA), X.-ray diffraction and electrical 

resistivity data have shown that cobalt ions exist predo- 

minantly in the low-spin Co (t^g e°) state at low 

temperatures and partially transform to the high-spin 

e^) state upto 350 K. Above this temperature 
2g g 
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there is electron transfer from Co^"*" to Co^^^ to produce 

di- and tetra-valent cobalt ions. There is ordering of 

cobalt ions in the 500-700 K range but at high temperature 
3+ 

the Co population decreases significantly and completely 
disappears at the localised-itinerant electron (e^ — o*''’) 
transition temperature (1180 K) . 

Similar studies on YCoO^ have shown that its 
properties are sim.ilar to LaCoO^ and that there is consi- 
derable electron transfer from Co^”^ to Co^^^ giving rise 
to charge-transfer states. However ErCoO^ was found to be 
sim.ilar to HoCoO^ showing no evidence of electron transfer 
and the ratio of Co^"^ to is essentially constant 

over the entire temperature range studied. 

The system Laj^_j^Sr^Co02 has similarly been studied 
for 0 < X < 0,50. It becomes ferromagnetic for x > 0,125 
and when x - 0.5, it is metallic. The Mossbauer and other 

studies [ 9 ] have shown that in Laj|_^Srj^Co02 (x > 0.125), 

2+ 

f erromagnetic Sr -rich clusters coexist with paramagnetic 
3+ 

La -rich regions both being in the same crystallographic 

phase. The ferromagnetic component increases with 

increasing X and decreasing T. The 3d-holes created by 
2+ 

Sr substitution are itinerant both above and below the 
curie temperature. 

Above work was further extended in our laboratory 
by investigating the system Laj^_j^Srj^COj^_^yTiy 02 for (a) x = 0 
and (b) x = y by Mossbauer spectroscopic measurements 
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carried out between 77 and 800 K, Such systems are of 
interest from the point of view of existence of itinerant 
electron ferromagnetism. It Vv/as observed that none of the 
Plossbauer spectra shows hype rfine splitting even at 77 K 
and it was explained as the effect of the Ti'^*' substitution 
v^/hich restricts the generation of Co"^”^ (which is mainly 
responsible for itinerant electron ferromagnetism in 
Laj^_^Sr^Co02) . The variation of the isomer shift and other 
data with temperature was discussed in the framework of 
spin-state and valence-state equilibria of cobalt ions in 
these materials. 

In our Institute the substituted perovskite systems 
(a) LaCOj^^^^Zr^O^ with x = 0.1, 0,3 

and 0.5 have been prepared by D. Bahadur who has also 
studied the X-ray diffraction spectra and magnetic suscep- 
tibility measurements [l9]. These results indicated that 
the spin-state and valence equilibria in these systems can 
be interesting, l^/e, therefore, decided to study these 
systems using Mdssbauer spectroscopy. V/ith this aim in 
mind samples of above substituted perovskite systems 

57 

were prepared and radioactive Co was deposited in them. 
Mossbauer spectra, using such samples as sources and 
stainless steel (SS 310) and potassium ferrocynide (PFC) 
were recorded at 80, 293, 500 and 700 K temperatures. In 
the following section we give details of these measurements 
followed by the discussion of the results. 
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• 2 £XP,£RB4£NTAL 

We now report out studies of the 
substituted perovskite system LaCo^__j^Zr^O^ 

with X = 0.1, 0.3 and 0.5. Various experimental techniques such 
QS X-ray diffraction, magnetic susceptibility measure- 
ments and Mdssbauer spefctroscopy have been used to 
investgate the above substituted perovskite systems. Among 
these techniques the Mdssbauer spectroscopic studies are 
particularly useful because they help us to understand 
the spin- and valance-state equilibria in these compounds. 

4.2.1 Preparation of the Cobaltates 

Samples of LaCoj^_j^Zr^02 for various values of x 
were prepared by ceramic method wherein a mixture of 
appropriate amount of oxalates having high purity consti- 
tuent elements was ground in a ball mill. The ground 
mixture of oxalates was decomposed at 1050 K. The 
decomposed material was again ground, made into pellets 
and sintered for 12 hours in air at 1500 K. The mixing 
and sintering was repeated and X— ray diffraction data were 
taken at each stage to monitor the completion of reaction. 
Chemical analysis cf LaCo^_^ZT^O^ showed that the sample 
is nearly stoichiometric for x = 0.1. However the samples 
having other values of x were not found to be stoichiometric. 
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4,2,2 Measurement of ^^-ray and magnetic Susceptibility 

The X-ray diffraction measurements were carried out 

using Rich-Seifert X-ray diffractometer with CuK^ radiation. 

The X-ray patterns of LaCo, Zr 0_ comoounds were indexed 

1-x X 3 

on a hexagonal as well as on a rhombohedral basis. The 
results of this analysis are presented in Table 4.1 and 
they show that the compound LaCo, Zr O.. has rhombohedral 
structure when x = 0.1 . In the case of x =0,3 and 0.5 
both the compounds show cubic perovskite structure accom- ■ 
panied by a change in cell dimensions. This change in cell 

dimensions can be understood because substitution of 

3-- / 0 \ 4-+ 

small radius of Co ‘ (0*525 A) by larger radius of Zr 

(0.79 X). 

Magnetization raeasurements were carried out with 
a PAR vibrating sample magnetometer (raodel 1500 A) in 
conjunction with a Varian 9*' magnet (model V - 7200). 

The results of these measurements will be presented in 
the next section, 

4.2.3 Mossbauer Spectroscopic Measurements 

57 

.i/'e carried out Fe Mossbauer spectroscopic 
57 

measurements using La COj^^^Zr^O^ as Mbssbauer source 

57 

and 310 stainless steel (310 SS) or Fe-enriched potassium 
ferrocynide (PFC) absorber. The actual absorber used in a 
particular measurement will be specified later. To 
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Table 4»1 s Lattice parameters (measured at 293 k) for 
LaCOi_^Zr^ 03 . 


aposition 

X 

a 

(X) 

a 

(degrees ) 

Structure 

0.1 

5.410 

60.53 

Perovskite with 
rhombohedral structure 

0,3 

5.510 

_ 

Cubic 

0, 5 

5.580 


Cubic 
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57 

prepare the La ^'^^^®®t>auer source, 1.0"1.5 mm 

thick pellets of diameter 12-14 mrn were made and ^"^CoCl 2 

(radioactive) aqueous solution was added to every pellet 

drop by drop. Each drop was allowed to be deposited and 

dried by heating the pellet un^er infrared lamp and only 

after the drop had dried was the next drop put. These 

pellets wore then heated in air at 1450 K for 12 hours to 
57 

allow Co to diffuse into the pellets. The pellets v^iexe 

then slowly cooled to room temperature. The surface of 

the pellet was then gently polished to remove any undiffused 

radioactivity. Transmission Mossbauer spectra of different 
57 .« 

La Co, ,.Zr^Po Mossbauer sources were taken with the help 
of the Mbssbauer spectrometer (already described in Chapter 
2) in the constant acceleration mode. The spectra were 
recorded at 80, 293, 500 and 700 K. The Mdssbauer spectro- 
raeter was calibrated using a-Fe foil as an absorber and 

TOV't^' 

the IS v^as measured with respect to a-Fe. 

A. 

4.3 RESULTS AiMD DISCUSSION 

In this section wo shall present our results on 
the system LaCOj^^^Zr^O^ (x = 0,1, 0.3 and 0.5) using the 
magnetization and i\ib'ssbauer spectroscopic studies. 
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i';iacinetic buscept ibili t y .ivieasurement_s 

The raagnetic susceptibility ( ji^^) of the LaCoj^_^^Zr^02 
(x = C'.lj, U.3 and 0.5) samples was measured in the tempera- 
ture range 300-80u it. The l/^g ” plots of LaCoj^_^Zi\^02 
for X =0.1, 0,3 and 0,5 are shown in Fig. 4.1a. It is 
observed that the l/''^g " f curve for x = 0.1 shows a kink 
and its shape is different from the curves for x = 0.3 and 
0.5. The plot for x = 0.1 shov/stwo linear parts (on 
either side of the kink) which have different slopes. The 
linear part in the lower ( 300-400 K) teups^^sture interval 
has a larger slope which indicates a lower relative 

to the higher ( 575-800 It) temperature interval. This 

behaviour is consistent with the observed in the case of 
LaCoO^ [2-5], In the case of x =0.3 and 0.5 samples, the 
presence of a plateau in the Vy,g " curve is more 
clearly seen, with the plateau occurring in the temperature 
intervals 425-500 It (for x = 0,3) and 450—550 It (for x = 
0.5). Siiiiilar existence of a plateau separating tlio two 
linear parts has been observed in the l/'j(_^“T plots for 
the AinAs, P„ [2] and LaCoOo [3-5] systems. In our case 
the slopes of the two linear parts are different (Fig. 4.1a) 
and the slope of the linear part for x = 0.3 and 0.5 is 
lov/er in the low temperature range. Tuis behaviour suggests 
a higher value of at lower temperature for x = 0.3 and 

0.5. 



(10^emu"^g) 



T(K) T(K) 

Fig.4.1(Q) Inverse magnetic susceptibility (b) Plot of XgT against temp 

per gram against temp, for for LaCoi-x^rxOs 

LqCoi -X O3 • 
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'■Je therefore propose that in LaCo, Zr.,0^ having 
2 -^ 

X = 0.3 and 0.5, Co ions are produced at tiigner tempera- 
tures and that these ions having a lower value of 
relative to Co^"^ and Uo*^' cause the above behaviour. Later 
we shall shovv' that the Iviossbauer spectroscopic data sui^por'C 
this proposal. 

Following Chide et al. [2>-6] we have examined the 
variation of versus T (Fig. 4.1b) for x = C.l, 0.3 

and 0.5 with an aim to get a better insight into the 
variation of lev-/ ; high spin ions. Generally, for a 
paramagnetic substance T does not vary with temperature 

because 




constant 


(4.1) 


where N is the Avogadro number and p, is the effective 
spin-only magnetic moment of the paramagnetic ions. 

For the case when the population of paramagnetic 
ions varies with temperature, the product will 

change V'/ith temperature depending on the ratio of the 
population of paramagnetic and diamagnetic ions and 

2 

-v/ -f _ iil-iL. , (4.2) 

hg 3R n + m 

where n and m represent the population of paramagnetic 
and diamagnetic ions respectively. Equation (4.2) can be 


written as 
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J3 = ». >1) (4.3) 

3R'^^T 

It is thus clear that the variation of v.'ith 

I provides information about the transformation of the 
spin-states. tfJhen studied in this light, the results for 
X =0.1 as shovm in Fig. 4.1b, show that the ratio n/m 
remains constant in the temperature range 300-400 K. The 
relative population of the paramagnetic ions increases 
rapidly between 400 and 550 K but it increases slowly 
beyond 550 K. The observed behaviour of the versus 

T curve for x = 0,3 and 0.5 (Fig. 4.2b) is much different 
from that for x =0.1. This difference is ascribed to the 

/L-U 

effect of the substitution of the more Zr ' ions occurring 
at the higher x-values. 

Mos s_bajjer _s_p_ep t r o s c o p ic st_ujdies^ 

Before we discuss our results for LaCoj^^^^Zr^^O^ using 

ivlossbauer spectroscopy we wish to point out an important 

aspect of the mechanism involved in the change of spin-state 

ordering. In our measurement the system LaCoj^^^Zr^^O^ 

57 

contains radioactive Co nuclei with i-'-decay, by K-capture 

57 

of electrons, to Fe nuclei. As explained by Bhide et al. 

[5] it is safe to assume that low-spin Co vyill give, on 

electron capture, low-spin Fe and that high-spin Co will 

3-i- III 

lead to high-spin Fe. In other words, Co and Co on 
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S'l" *1 X 

electron capture gives Fe"^ and Fe'^ ions respectively. 

In this way the ratio Fe^’'’;Fe^^^ deduced from our Mossbauer 

spectroscd«:ic studies should lead us to the ratio Co^'^sCo^^^ 

in the LaCo, 2r,0-, system. The schematic energy-level 
l-x X o 

diagram of various spin states of cobalt and the consequent 

iron states is sho’-vn in Fig, 4,2, 

The iv'lossbauer spectra of the compound LaCo j_j,Zrv02 

(x = 0,1, 0,3 and 0,5) recorded at 80 K are shov^n in 

Fig. 4,3, It is observed that the mossbauer spectruiu of 

the compound Vidth x =0.1 and x = 0.3 at GO K consist of 

two lines while that for x = 0,5 consists of three lines. 

The i.'iossbauer parameters for these spectral lines are given 

in Table 4.2. These iudssbauer data, when combined with 

the data of Table 1.4, allow us to make an assignment for 

vaDrious observed lines. Thus the lower energy lines 

observed in the kb‘ss.bauer spectra for x = u.l and 0,3 at 

80 K are ascribed to the Co^’^^ state and the higher energy 

3-i- 

lines in these spectra are assigned to the Co state in 
the LaCo, Z;r,0o system. It is pointed out that this 
result is consistent v.'ith the previous observations of the 
LaCoO^ system [5-6], It may be argued that the substitution 
of Zr in our system can produce divalent uo ions (Co or 

Uo^"^). However, the isomer shift (IS) values for 
and Co^^ (i.e, for Fe^^^ and Fe^^) overlap (Table 1.4) and 
hence it is not possible to resolve the presence of Co 
state from Co^^ state. On the other hand the IS value 
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Fig. 4.2 Spin states of cobalt and consequent iron. 
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Fig. 4.3 Mossbciuer spectra of LaCoi»x2rx03 at 80K. 
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o 1 

corresponding to Co^ is too high (and is separable trora 
Co ) I'^ut no line with such high IS is observed in our 
spectra at 80 K. therefore, conclude that the 

substitution of Zr^ does not yield a Co"" state in our 
system for x = u.l and 0,3, while the Co^^ state may be 
produced. The Mossbauer spectrum for x - 0.5 show three 
lines out of which the two lines on the lower energy side 
lie close together to give the composite line oPserved by 
us. Vie propose that this composite line is due to the two 
closely lying lines due to Co^"^^ and Co^^ present in the 
LaCo^ ^Zr„ ,-0„ system. Based on this discussion we propose 
that at 80 K, cobalt ions in the system LaCOj^^^Zr^O^ (x=0.1,0. 
and 0.5) exist mainly in the three spin states low spin 


II 


Co"-'- (t^g ej), Co-^^-^ (t^g e^) and high spin Co^'^ (t^g Sg) . 

Tlie Mdssbauer spectra of the three samples (x = O.lj 
0.3 and 0.5) recoi'ded at 293 K are shown in lig. 4.4 and 


they can all be decomposed into tv'‘''o lines of egual 
intensities. At first sigiit, it appears tempting' to 
describe these 'two lines as the two partners of a guaoru- 


pole split spectrum. I-low'ever a closer examination rules 
out such a possibility because first, the electric guaorupole 
interaction in the ABOg structure is expected to be negli- 
gibly small [5-10 ]. Secondly the centroid of these two 
lines (i.e, the isomer shift of a possible quadrupole-split 
doublet) doos not correspond to any known valence state 
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of iron. On other hand, the velocity of each of these single 

lines (Fig. 4.4) leads us to Id-values corresponding to 
I X X I Qj 

(Co-"-"^ -1- Co-"- ) and Co'^'. The fojmer assignment (i.e. 

Ill II 

mixture of Co and Co states) is justified because of 
the larger line 'vVidth and the overlapping IS values of 
Fe and Fe states (Table 4.3). therefore, suggest 

that at 293 K, the system LaCo2^_^Zr^02 consists of the 
three spin states s Co^^^, Co^^ and' Co^"*”. Based on this 
assumption, as well as on the observed intensity ratio 1:1 
of the two lines (Fig. 4.4), we further propose that the 
ratio (Co'"^^ + Co^^) ; Co^"*" in our system is close to 1 
at 293 K. 

We shall now examine the Mbssbauer spectra of the 

LaCo, .,Zr_Oo system recorded at higher teraperatures 

(7C0 > T > SCO K) to identify the spin states present and 

to determine the ratio of their population. These results 

will be analyzed along with the results on magnetic 

susceptibility to draw definite conclusions. 

The Mossbauer spectra for the LaCo 2 _j^Zrj^C^ (x = 0.1, 

0.3, and 0.5) system recorded at 500 K are presented in 

Fig, 4.5. As discussed in the case of T = 293 K we have 

decomposed each of these spectra into two lines, one being 

III II 

ascribed to (Co -i- Co ) and the other (having higher 
energy) to Co state. This assignment is supported by 
the IS values (Table 4.4). It is observed (Fig. 4.5 and 
Table 4,4) tliat the area under the line corresponding to 
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Table 4,4 s Mossbauer parameters (measured at 500 K) for 

LaCo, Zr 0„. 

1-x X 3 


Cornpo- 1st resonance Ilnd resonance 


sition 

X 

IS 

mms“^ 

r(FVM\l) 

mms”^ 

Assignment 

IS 

rams ^ 

r(FVMVl) 

raras"*^ 

Assignment 

0.1 

-0.08 

0.40 


+0.11 

0.40 

Co^"^ 

0.3 

-0.12 

0.22 


0.15 

0.33 

Co^'*' 

0.5 

-0.09 

0.26 

Co“,CoI“ 

0.23 

0.43 

Co^"^ 


T? of- r-ntr t-pr,- 

IS = Isomer shift measured v>/ith, respect to,a-Fe : 

Typical error + 0,01 mm s 

r(FV'iJHM) = Line width s Typical error + 0,01 mm s 

TS I'-.'. Ciyrrv '{-ny sar.ord ovi. 
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3-r 

Co has no\A/ become larger than that at 293 K. In fact the 
ratio Co ' ; (Co + Co"^ ) has increased from 1.0 in 
going from 293 K to 50(' K and has become equal to 1.3, 2,9 
and 4.0 for x = 0,1, 0.3 and 0.5 rospectively . 

lii i-'ig, 4.6 wo have sho^.^'n the mbssbauer spectra 
for the LaCo j^__^Zr ^,02 (x = 0.1, 0.5 and 0.5) system recorded 
at 700 K., The spectrum for x = 0.1 can be decomposed into 
tv/o lines which are assigned to Co^'*' and + Co"^^) 

states (Tablo 4.5). The spectra for x = 0.3 and 0.5 can, 
hc'ever, be decomposed into three lines which are assigned 
to Co^‘, (Co'^'‘'“ + Co‘^^) and Co^"*". In the case of the 
spectra for x = 0.3 and 0.5, the third lino is identified 
as due to Co^"*" on the basis of (i) observed IS value 
(Table 4.5) wliich conforms to the value characteristic of 
Co^' (Table 1.-!-) (ii) results of magnetic measurements 
discussed earlier. The possible mechanisms responsible 
for the production of these states are discussed later. 

Using our ivlossbauer data we have obtained the ratio 
y of the relative population of Co'^"’ (i.e. Fe'^"^) with 
respect to other states of Co (i.e. Fe). This ratio was 
determined with the help of the areas under individual 
lines in the respective jvTossbauer spectra observed for 
X = C.l, 0.3 and 0.5 at 80, 293, 500 and 700 K. The tempe- 
rature variation of this ratio y (relative population of 
Co^"**) is plotted in Fig, 4.7 and Table 4.6 for each value of x. 




Fig. 4.6 Mossbauer spectra of LaCo^.x^''x% 700K. 



Table 4*5 : Mbssbauer parameters (measured at 7CX) K) for 
LaCo, „Zr 0«. 


c 

a> 

H 

C 

0> 

O •H 
C <#) 

<13 <0 
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o 

CDS 
MX i 

Mw i 

M ^ 
i 

CO <0 

« I 


to « 
M e 


s 



L6 



T (K) 


Fig. 4.7 Variation of y as a function of temperature. 
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Table 4. 6 • The ratio y giving the relative population of 

^ I 

Co with respect to the other state of Co in 
LaCo^.^ZrxOj. 


Temperature 

K 

X = 0,1 

X = 0.3 

X = 0,5 

80 

0.3 

0.5 

0.6 

293 

1.0 

1.0 

1.0 

500 

1.3 

2.9 

4.0 

700 

0.8 

0,6 

0.5 
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3hide et al. l^“ 6 ] have also observec a temperature 

variation of the relative population (y) of Co'^’'' (v/ith 

respect to other states cfCo ) in the LaCoOg system by 

ivios soauer spectroscopy and their curve shows that in the 

case of LaCoO^ 5 y increases between 78 and 2u0 K and 

decreases beyond 200 K, The trend of the temperature 

variation of y observed by us for LaCo-, ,,Zr„ 0 o (Fip. 4 . 7 ) 

is somewhat siuiilar except that in the temperature range 

293~bOC' K tl'ie rate of variation of y is different from 

LaCoO^ and the temperature variation observed by us seems 

to cepend on the value of x. If vje go back to the variation 

versus f (Fig. 4.1b) observed by us we observe that 

the behaviour shovjnby the x = 0.1 system wfas markedly 

different from that shown by the x = 0.3 and 0,5 systems. 

Similar trend is shovm by the behaviour of the temperature 

variation of y (i'ig. 4.7). The general behaviouur of the 

3+ 

relative population of the Co state (v/ith respect to other 
statas of cobalt) for each x-value and for different 
temperatures is similar. To understand this behaviour 
it will be necessary to develop a proper theoretical frame- 
work similar to that proposed by Goodenough [1,3-4] and 
others, ive hope that our experimental results v;ill 
encourage such a theoretical effort. It may be pointed 
out here that none of the Mossbauer spectra shows the 

presence of magnetic hyperfina splitting even at 8 C K. 

4-1- 

This can be explained by proposing that Zr substitution 
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restricts the generation of Co^^'" ions 


which are resoonsible 


for ferromagnetic interaction observed in La^ ^Sr CoO^ [9]. 
Similar bahaviour has also been observed for fhe system 

Before concluding this discussion we wish to 

propose a possible mechanisra for explaining the decrease 

in y .oe tween 500 and 700 K (Fig, 4.7). It is observed 

that between 50u and 700 K y decreases by a smaller amount 

for X = 0.1 while it decreases by a larger amount for 

X = 0.3 anci 0,5, It has been suggested by Goodenough 

[1,3-5] that Co"^''* can transfer an e^ electron to Co^"^^ to 
- • . 2+ IV 

X oi'm (Jo and Co ion pairs. 'He have found evidence in 
our idossbauer spectra for the presence of Co'^'^ ions at 


70o K for X = 0,3 and 0,5, It, theref 


ore, appears tiiat 


tile above conversion of Co to other states, as sucjgested 
by Goodenough [3-5] is v/oricing efficiently for x = 0.3 and 
0.5 bet'ween 500 and 700 K. However the reason what 
inhibits such a conversion for x = 0.1 is not clear to us. 
ne feel that answer to this question as well as to other 
questions related to the behaviour observed by us has to 
await a proper theoretical analysis. 


4.4 SUifuVARY AND COi'CLUSICNS 


The system LaCOj_^Zrj^02 (x = 0.1, 0.3 and 0,5) has 
been studied with the help of X-ray diffraction, magnetic 



171 


susceptibility measurements and Mossbauer spectroscopy. 
Magnetic susceptibility was measured in the temperature 
range 300-800 K and Mossbauer spectra were recorded at 
80, 293, 500 and 700 K. These results were examined 
with an aim to understand the relative population of 
different spin states of cobalt in the LaCo 2 _j^Zrj ^02 
system for x = 0,1, 0,3 and 0.5, It was observed that 
the behaviour of the system with x = 0.1 is quite 
different from that with x = 0.3 or x = 0.5. The 
MSssbauer data have enabled us to understand the presence 

of various spin states for different x at each temperature. 

3+ 

The relative population of Co with respect to other 
spin states of cobalt have been estimated for x = 0.1, 

0.3 and 0.5 at 80, 293, 500 and 700 K. These results 
show a general agreement with those obtained by magnetic 
measurements. Some suggestions are made about the mecha- 
nism responsible for the observed changes in these relative 
populations. It is suggested that further theoretical 
work is necessary to improve our understanding about 
these changes in the spin states of cobalt. 
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CHAPTER 5 


iViSSSBAUER SPECTROSCOPIC STUDIES OF THE 
SUPER SEHDUST ALLOY 

5.1 INTRODUCTION 

In this chapter we shall report our Mossbauer 
spectroscopic and X-ray diffraction studies of the so-called 
•Super Sendust’ alloy of the Fe-Si-Al-Ni system. This 
alloy bias the composition 2,96 wt X Ni, 5.0 wt X Si, 3,87 
wt A1 and 88,17wt/<Fe and it is a new high-permeability 
magnetic alloy having several possible technical applica- 
tions of interesting nature. We shall provide a brief 
outline of the history of the development of ’Sendust* 
alloys before we present the results of our studies. 

The search for high permeability materials started 
at the beginning of the present century. The idea of 
using povvder cores to increase the inductance of the coils 
was reported by Heaviside [l] who used iron fillings 
embedded in wax v«/ithout causing any appreciable dissipation 
of energy. This development promised newer applications in 
the telephone technology of that time. Cores having 
higher (30-60 permeabilities were later manufactured 
after the introduction of high moulding pressures [2], 
and were produced commercially by Western Electric Company 
of U.S.A. In view of the important technological applica- 
tions, research in this area was continued vigorously and 
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some important landmarks of progress in this area were the 
discovery of the specially suitable properties of carbonyl- 
ion powder in Germany [3,4] followed by the application of 
nickel-iron alloys in the U.S.A. In 1923, a material 
known as Permalloy containing 78, 5/ Ni and 21.5’/ Fe was 
developed by Elmen [5] and compressed powder cores of this 
alloy were found to be electrically and magnetically 
superior to the cores made from electrolytic iron because 
of its high permeability and low magnetic hysteresis 
losses . 

A systematic search for a high-permeability material 
was started in 1929 at the Metal Materials Research 
Institute of Tohoku Imperial University, Japan under the 
supervision of H, Masumoto, These workers found that a 
ternary alloy of iron, silicon and aluminium was most 
promising and especially those alloys having the range of 
about 6-11/ Si and 4-6/ A1 showed noticeably higher permea- 
bilities and reduced hysteresis loss [6], Since these 
alloys were developed in Sendai City in Japan and because 
they could be pulverised easily, they were named 'Sendusf. 

Electrolytic iron has an initial permeability of 

about 140 u. . v'ihen about 8/ Si is added to it, the 
^o 

permeability rises to 1200 It is found that Sendust 

of composition 9.5/ Si - 5.5/ A1 - bal. Fe has an initial 
permeability |j.. = 35,000 and maximum permeability 

= 120,000 hysteresis loss = 28 ergs/cm /cycle, 
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electrical resistivity of 81.2 [in,- cm, thus proving itself 
to be superior to Permalloy = 10,000 = 120,000 » 

P= 16 pSl- cm and = 73 ergs/cm^/cyc le ) . The coercivity 
of Sendust is also lower than that of Permalloy (1.75 A/m 
as against 4 A/m). Further, the manufacturing cost of 
Sendust is also much lower compared to Permalloy. 

Yamamoto and Utsushikawa [7] developed an alloy 
with a composition of 3.15/^ Ni - 5.33>< Si - 4.22>< A1 - bal. 

Fe which, after annealing at 1250 °C for 1 hr in the 
presence of magnetic field of 20 Oe showed the following 
magnetic properties : p^ = 56,800 p^, 1-^^^ = 165,000 p^, ■ 

H = 2.39 A/m and S = 0.95 T, This alloy was, therefore, 
named as ’Super Sendust' by these workers [7]. Later the 
name 'Super Sendust' was extended [8] to the alloys having 
the folloviing three composition ranges ; (i) the composi- 
tion range yielding high magnetic permeability after heat 
treatment, (ii) the range in which the permeability is 
high after magnetic field cooling, and (iii) the range 
for which the magnetostriction = 0, can be hot-rolled 

to thicknesses of 0.5 mm, and can be cold-rolled to thick- 
nesses of 0.2 mm. 

In our Institute 'Super Sendust' alloy having a 
composition 2,96 wt •/. Ni,5,0 ivt "A Si, 3.87 wt "A A1 and 
88.17 wt A Fe was synthesized using thermite process and 
Vifas investigated for its structural, mechanical, electrical 
and magnetic properties [8]. We found that very little 
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work on the Super Sendust alloy, using Mossbauer spectro- 
scopy, has been reported in the literature. Thus, for 
example, Schneeweiss et al, [9] have studied the influence 
of substitution of Al by Si on the atomic order, saturation 
magnetic polarization and electrical resistivity in the 
F®3Alj_xSix, 05 ^ 1 ^ alloys. These workers have examined 
the changes in the kibssbauer parameters of the Fe„Al, Si 

i.«“X X 

system and have related them to an important phenomenon 

in the atomic structure of the alloys, viz. separation of 

Fe^Al and Fe^Si surroundings. 

We therefore, thought it interesting to study 

Super Sendust samples having the composition 2.96 wt yi Ni, 

b.O wt Si, 3.87 wt yi Al and 88,17 wt Fe by Mossbauer 

spectroscopy at different temperatures. Three samples of 

above compositions were annealed according to a different 

schedule of temperature/time period. Mossbauer spectra 

of these samples were recorded at 80 and 293 K and at 

380, 486, 600, 700, 800, 900, 913, 918 and 926 K. Resulting 

spectra were analyzed to obtain Mossbauer parameters, 

hyperfinc field distributions, P(H) and the average value 
— 57 

of H. , at the Fe nucleus etc. These results were 
int 

further analyzed in terms of the four sextets present in 
the spectra at 80, 293, 380, 486, 600, 700 and 800 K. 

The possible assignment for each of the 4 sextets observed 
at 293 K is suggested. Similarly the temperature 
dependence of the spectra and their Mossbauer parameters 
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is discussed. The distribution, P(H) of the hyperfine 
magnetic field is also discussed. 

. 2 experimenta l metho ^^ 

5.2.1 Sample Preparation 

In this section we shall briefly outline the 
procedure adopted by Uniyal [8] (who provided us with 
these samples) in our Institute for synthesizing Super 
Sendust alloy by aluminotherrnic process. More details of 
the thermite process describing the thermite charge, 
ignitors and thermite crucibles used are given elsev\rhere 
[8]. The raw materials used in the preparation of the 
present alloys were obtained as follows. 
obtained in the form of flakes 'Al' powder ~ 325 mesh 
supplied by SISCO Research Laboratory, Bombay while Ni 
(no mesh) was also obtained from the same supplier. Ferro™ 
silicon was obtained in the form of solid mass which was 
ground to fine powder so that it could be mixed properly 
with the charge. Proper amount of CaO was obtained from 
Glaxo Laboratories, Bombay in the form of lumps and it 
was added as fluxing agent to control the fluidity and to 
lower the temperature. This addition to the charge was 
made in the ratio Ca0:2Al202 as ls2. The ignitor 
consisted of 99. 5X pure KMnO^ crystals supplied by British 
Drug House (India), Bombay, and glycerine obtained from 
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I.D.P.L. Hyderabad. Appropriate weights of these components 
were properly mixed in a pestle and mortar to ensure a 
higher reaction rate and better yield, A specially 
designed reactor was used to carry out the thermite 
reaction. The solid alloy ingots obtained after the 
reaction were hammered to small pieces of about mm in size 
in a steel mortar. Permanent magnet was used to sort out 
these pieces and to remove any slag material that could 
have been trapped inside the solid alloy. These pieces 
were again subjected to hammering to reduce them to still 
smaller pieces and were again separated out by the magnet. 
This process yielded somewhat coarse powder which was put 
in a planetary ball mill (tungsten-carbide lined drum) 
with tungsten carbide balls in a 2il proportion by weight. 
Acetone was used as a non-aqueous medium to avoid corrosion 
of balls, rotating drum and also for preventing oxidation 
of raw materials. After wet-millincj for 24 hours, tho 
slurry of the fine powder was transferred into a large 
beaker and put in an oven at around 100 for drying. 

The whole process yielded fine powder which was sintered 
at 800, 9CO and 1000 °C for 6 hr, 8 hr and 8 hr respecti- 
vely, and these formed the material for the three samples 
labeled as SDl (1000 °C/6 hr), SD2 (900 °C/8 hr) and 
SD3 (800 °C/8hr). The weight percent composition of each 
element present in the synthesized alloy was determined 
by a chemical analysis using conventional wetmethod and 
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it showed the following result : Fe (wt /) 88.19, Ni (wt '/) 
2.958, Si {wt /,) 4.987 and A1 (wt /) 3.865. 

5.2.2 Mdssbauer Spectroscopic Studies 

Mdssbauer absorbers were prepared from these 
powdered material of Super Sendust following the procedure 
described in Chapter 2. Transmission Mdssbauer spectra 
of different sample absorbers were recorded with the help 
of Mdssbauer spectrometer (already described in Chapter 2) 
operated in constant acceleration mode. The spectra were 
recorded at room temperature (293 K), liquid nitrogen 
temperature (80 K) and higher (380 - 921 K) temperatures. 

A special oven (already described in Chapter 2) was used 
to record the spectra at higher (> 293 K) temperatures. 

The Mdssbauer spectrometer was calibrated using a-Fe foil 
and the isomer shift (IS) was measured and reported with 
respoct to a-Fe. Other details of the Mdssbauer spectro- 
meter, measurements and data analysis have been already 
described in Chapter 2, 

5.2.3 Measurement of X-ray Diffraction Spectra 

The results of Mdssbauer spectroscopy were 
supplemented by recording X-ray powder diffraction patterns 
of the samples with the help of a Rich and Seifert Iso- 
Debyeflex 2002 diffractometer using CrKa target. 
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5 . 3 RESULTS AND D ISCUSSION 

The Mossbauer spectra of samples SDl, SD2 and SD3 

recorded at 80 and 293 K are shown in Figs. 5.1 and 5,2 

respectively. It is observed that the Mb'ssbauer spectra 

of all the three samples recorded at 80 and 293 K are 

almost similar. In order to study the high temperature 

effects as well as to determine the magnetic ordering 

temperature (T^) of the Super Sendust sample, the Aidssbauer 

spectra of sample SDl were recorded at 380, 486, 600, 700, 

800, 900, 913, 918 and 921 K and they are shown in Fig. 

5.3 and 5.4. Above 900 K the Mb'ssbauer spectra of the 

SDl samples were measured at small intervals of temperature 

with an aim of closely examining the changes and precisely 

determining the magnetic ordering temperature. The 

measured Mbssbauer spectra were analyzed to determine 

Mossbauer parameters, hyperfine field distribution, P(H), 

57 

and the average value of at the Fe nucleus. 

The Mossbauer spectra of the three samples SDl, 

SD2 and SD3 recorded at 293 K consist of four sextets 

57 

which are attributed to four different Fe sites present 
in Super Sendust and they seem to arise out of the 
presence of Si, Ni and A1 in cc— Fe bcc lattice. The 
typical X-ray diffraction spectra of sample SDl are shown 
in Fig. 5.5. It has been reported [lO] that Sendust has 
two crystalline structures, the so-called ordered and 
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Velocity (mms"^) 

Fig. 5.1 Mossbauer spectra of SD1, SD2 and SD3 at 80K . 
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Fig. 5-2 Mossbauer spectra of SDl, SD2 and SD3 at 283 K. 
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disordered states. In the disordered state its crystalline 
structure is bcc and Si, A1 and Ni occupy the sitss 
randomly. However, in the ordered state Si and A1 occupy 
the body-c entered D sites (Fig. 5.6) giving rise to a 
superlattice structure. This superlattice structure has 
eight bcc unit cells as its unit cell has DO^ type super- 
lattice structure [Fe^CSijAl)]. Our X-ray diffraction 
studies have confirmed this superlattice structure. The 
degree of superlattice formation (the long-range order) 
is evaluated with the help of the intensity ratio of the 
superlattice diffraction line to the fundamental diffrac- 
tion line. The Mossbauer spectra of the sample SDl 
recorded at the temperatures ranging from 80 to 800 K 
indicated some kind of ordering. The analysis of these 
Mossbauer spectra suggests that Super Sendust is a partially 
ordered alloy having a-Fe rich region (i.e, clustering of 
iron). The Mossbauer parameters of the four sextets 
observed in the spectrum of - the SDl sample at 293 K are 
presented in Table 5.1 and are also ^summarised below for 
convenience of the discussion that follows. 

(1) First (I) sextet j IS = + 0.01 + 0.01 mm s"^^ . 

H. , = 331 + 4 kOe, T = 0.28 + 0.01 ram s"^. This 
sextet exhibits almost vanishing isomer shift with 
respect to a-Fe and hyperfine magnetic field 
which is close, to the, v^lue characteristic . of a-Fe. 



Diffraction Angle (20) , degrees 
Fig. 5.5 X-ray diffraction spectrum of SD 1 at 293 K. 



• Fe atoms - A sites 

• Fe atoms -D sites 
o Si atoms 


Fig. 5.6 Unit cell of the ordered Fe 3 Si or Fe 3 AI structure 
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Cry 

It is 5 therefore j, attributed to the 'Fe nuclei present in 
the iron-rich region. Table 5.2 shows the sites and the 
hyperfine fields observed for ordered alloys 

[ll, 12] including the A’-site (pure iron) and those 
found in the present work for partially ordered iron-rich 
cluster alloy. The A'-site has 8 nearest neighbours (nn) 

Fe ion and 6 nearest next-neighbours (nnn) Fe ions. 

(2) Second (II) sextet 2 IS = +0.06 + 0.01 mm s"^, 

Hint ” P= 0.48 + 0.01 mm s~^. Using 

the Mbssbauer spectroscopy results of Stearns [ll] and 

Perez-Alcazar and Galvao da Silva [l2] we have 

57 ^ 

attributed this sextet to Fe nuclei having 8 nn re 

and 6 nnn A1 or Ni or Si. The Al, N1 and Si have 
equal probability of occupying any D site. One et al. 
[13] have reported that in Fe^Al structure j the 
^'^Fe nucleus at the D-site experiences = 300 

kOe if 8 nn Fe atoms are at the A-sites and the 
6 nnn Al atoms are at the D-sites. The value of 
observed by us for this sextet is close to = 

300 kOe, the slight deviation observed being 
attributed to Ni atoms which have equal probability 
of occupying the D-site. According to the atomic 
weight percentages present in the SDl sample, these 

0. 050, 0.0296 and 0.0587. 


probabilities are 
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Mossbauer parameters 
SD2, SD3. 

Table 5.1 

(measured at 293 K) for samples SDl, 

Sam- 

ple 

Site 

IS ( a ) 


r(c) 

Area 

ratio 

(e) 

Assignment 

(d) 

SDl 

I 

0.01 

331.0 

0.28 

1.0 

(8 nn + 6 nnn) Fe 







8 nn Fe + 6 nnn S: 


II 

0.06 

311.0 

0.48 

2.14 

or (Ni,Al) 







and 


III 

0.15 

242.0 

0.48 

1.76 

[4Fe and 4 Si or 







(Ni,Al)] nn 







+ 6 nnn Fe 


IV 

0.07 

286.0 

0.35 

0.98 

f 6Fe and 2Si or 







(Ni,Al)] 







nn 







+ 6 nnn Fe 

SD2 

I 

0.02 

330.8 

0.28 

1.0 

Same as for SDl 


II 

0.07 

311.2 

0.48 

1.9 



III 

0.16 

242.0 

0.48 

1.40 



IV 

0.07 

286.5 

0.35 

0.78 


SD3 

I 

0.02 

330.6 

0.28 

1.0 

Same as for SDl 


II 

0.08 

310.7 

0.48 

1.97 



III 

0.14 

240.6 

0.48 

1.59 



IV 

0.06 

285.6 

0,35 

0.87 








"7s t e.•rr\p>e,va^^■re 

(a) 

IS = Isomer shift, values in mm s 

with : 

respect to^a-Fe 


typical error is + 0,01 mm s"*-^ 

• 
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(b) H. .=Internal magnetic field at Fe nucleus ; in units 
of kOe. Typical error is + 4 kOe. 


(c) r (FVWM) = width of the spectral line, values in mm s 

Typical error is + 0.01 mm s”^. 

(d) nn = nearest neighbour, nnn = next nearest neighbour. 

(e) The area ratio values are given with respect to the 
area (1.0) under sextet I. 

second 


■IS H 
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Table 5 .2 

i'.'lr'gne tic field observed for different Fe sites in 

Fe-Al alloys found in literature and configurations obtained 


in the 

present Fe-Si(Ni,Al) alloy. 



Site 

Configuration ^int^^*^®^ 

Reference 

A' or 

I (3 nn+ 6 nnn)Fe 

330 

Present work 

3 

8 nn Fe + 6 nnn A1 

300 

[12,13] 

C 

(5Fe + 3A1) nn + 6 nnn Fe 

261 

[12,13] 

D 

(4Fe + 4 Al)nn + 6 nnn Fe 

230 

[12,13] 

F 

(7Fe + 1 Al)nn + 6 nnn Fe 

306 

[12,13] 

G 

(6Fe + 2Al)nn + 6 nnn Fe 

282 

[12,13] 

II 

8nn Fe + 6 nnn Si or (Ni,Al) 

311 

Present work 

III 

[4Fe+45i or (Ni,Al) ]nn+6nnnFe 

242 

Present work 

IV 

[6FG+2Si(i'Ii,Al) ]nn + 6 nnn Fe 

286 

Present work 

3’ 

8 nn Fe + 4 or 2 or 0 Si 
(Mi,Al)nnn + 2 or 4 ,6nnn Fe 


Possible in 
presorit work 

C' 

[5Fe+3Si(Ni,Al)]nn+6 nnn Fe 


Possible in 
present work 

p. 

[ 7 Fc+Si(Ni,Al)]nn + 6 nnn Fe 


Possible in 
present work 
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for Si, Ni and A1 respectively. 

Neutron diffraction measurements have shown that 
different magnetic moments exist at the D and A sites in 
both Fe3Al and Fe3Si [14-15] with values of 2.4 and 1.2 pg 
-ar site respectively for the D and A sites in Fe3Si and 
.^clo and 1.5 pg per site respectively in Fe3Al. Earlier 
iv..hcGbauer spectroscopic measurements [l6] on Fe3Si and 
F03AI have indicated that at the A sites in Fe3Al is 

larger than that at the A sites in Fe3Si. Ni atom, which 
already has a magnetic moment, is expected to yield higher 
Hint when it is substituted for Si or Al. As a net result, 
v/hon Ni, Si and Al are present at the D-site in super 
Sondust, the sextets II and III are expected to show more 
broadening. This explains the value P = 0.48 mm s"^ 
observed by us. 

(3) Third (III) sextet ; IS = +0.15 + 0.01 mm s“^, H^nt = 
242 + 4 kOe, r= 0.48 + 0.01 mm s~^. Using the previously 
reported results [11,12], this sextet is attributed to the 
■^"^Fc nuclei at the A~sites having (4Fe + 4Si or Ni or Al) 
at the nn (D-) sites and 6 nnn Fe at the A-sites. It has 
been reported by Ono et al. [13] that in Fe3Al alloy 

H. .. = 230 kOe for the nn configuration. Our observed 

X n c 

value H^nt ~ i ^ close to this value, the 

difference being explained in the same manner as in the 
case of II sextet (discussed above). 
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(4) Fourth (IV) sextet ; IS = +0.07 + 0.01 rom H. ^ = 

286 + 4 kOe, P = 0,35 + 0.01 mm s“^. Once again using the 
previously reported results [ll,l2] this sextet is 

57 

attributed to Fe occupying the A“Sites with (6Fe + 2Si or 
Ni or Al) nn at the D-sites and 6 nnn Fe at the A sites. 

Our observed value of = 286 + 4 kOe is fairly close 

to the value = 282 kOe reporced earlier [12] and this 

slight difference can be explained as before. 

The line-broadening as well as the deviation of the 
ratio of the areas under sextets II and III from the 
expected value 1;2 is explained as follows. The Super 
Sondust sample of the present composition is not stoichio- 
metric. This non-stoichiometry in Fe^SiCAljNi) will lead 
to more Fo~atoms at the D site. It has been suggested 
[17] that there is a finite probability that the ^Te at 
the A-site will have the configuration [5Fe+3Si(Al,Ni)]nn 
or [6Fe+2Si(Al,Ni) ]nn or [7Fe+lSi(Al,Ni) ]nn and [6Fe]nnn. 

The configuration [5Fe+3Si(Al,Ni) ]nn and [6Fe]nnn 
will cause the broadening of the sextet IV and it will also 
increase the area under this sextet (IV). However the 
configuration [6Fe + 2Si(Al,Ni) ]nn and [6Fe] nnn gives 
rise to sextet IV. The configuration [7Fe+lSi(Al,Ni) ]nn and 
6Fe nnn forms the sextet II thus broadening it and increasing 
area under it. The presence of [7Fe+lSi(Al,Ni) ]nn will 
thus change the ratio of areas under the sextets II and 
III from the expected value Is 2. The 'Fe at the D-sites . 
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will have [8Fe] nn and [4 or 2 or 0 Si(Al ,Ni) ]nnn and this 
v'ill also cause the broadening of the sextet II. 

The Mossbauer spectra as for the samples SDl, SD2 

and SD3 recorded at 80 K are presented in Fig. 5.3 and 

they are all similar in their appearance. Each of these 

spectra can be analyzed into 4 sextets as in the case of 

spectra laeasured at 293 K. Mossbauer parameters obtained 

from such an analysis are given in Table 5.3 for the four 

sextets. In the case of the I sextet, the observed 

Mbssbauer parameters are s IS = +0.07 +0,01 mrn s”^, ^int “ 

337 + 4 kOe and p = 0.28 + 0.01 mm s Mossbauer spectrum 

of the a-Fe sample was measured by us at 80 K and this 

measurement yielded IS = +0.08 + 0.01 mm s"^, ^int ~ 

kOo and P = 0,28 + 0.01 mm s . Comparison of these 

results confirms our earlier assignment that the I sextet 
57 

is duo to Fg nuclei present in the iron-rich region. As 
far as the other three sextets are concerned, there are no 
other measurements reported at 80 K and we are unable to 
compare the results of Table 5.3 with any other data. Vsle, 
however, feel that the assignments made on the basis of 
the Mossbauer parameters measured at 293 K (Table 5.1) 
are the most likely. 

Mossbauer spectra of the sample SDl recorded in 
the temperature range 380-926 K are shown in Figs. 5.3 and 
5,4. It is observed that each of the Mdssbauer spectrum 
recorded in the temperature range 380-800 K consists of 
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Table 5 .3 


Mossbauer parameters (measured at 80 K) for sample SDl, SD2 
and SD3. 


Sam- 

ple 

Site 

IS 

(a) 

«int 

(b) 

r 

(c) 

Area 

ratio 

... (d) 

Assignment 

(e) 

SDl 

I 

0.07 

337.6 

0.28 

1.0 

(8 nn -f 6 nnn) Fe 


II 

0. 11 

317.3 

0.48 

1.9 

8 nn Fe + 6 nnn Si or 
(Ni, Al) 


III 

0.20 

247.0 

0.48 

1.5 

[4Fe and 4Si or (Ni,Al)] 
nn + 6 nnn Fe 


IV 

0.10 

292.0 

0.34 

0.80 

[6Fe and 2Si (Ni,Al)] 
nn + 6 nnn Fe 

5D2 

I 

G.OS 

338.0 

0.28 

1.0 

Same as for SDl 


II 

0.13 

319.0 

0.48 

1.79 



III 

0.24 

251.9 

0.48 

0.61 



IV 

0.11 

293.7 

0.34 

1.29 


SD3 

I 

0.07 

337.8 

0.28 

1.0 

Same as for SDl 


II 

0,11 

319.0 

0.48 

1.97 



III 

0.22 

249.5 

0.48 

1.64 



IV 

0.11 

293.0 

0.34 

0.90 


(a) IS 

s= 

Isomer 

Typical 

shift, 

. error 

values 
is + 0 . 

in mm s 
01 mm s 

__1 TS, of NTS On"’ 

with respect to^^a-Fe 

«» 


(b) H. Internal magnetic field at '^'^Fe nucleus s in units of 

kOe, Typical error is + 4 kOe. 

(c) (FWHM) = Width of the spectral line, values in mm s"^ . 

Typical error is + 0.01 mm s”-*-. 

(d) The area ratio value are given with respect to the area 
(l.O) under sextet I. 

(e) nn « nearest neighbour, nnn = next nearest beighbour. 

IS is COfyfictffd- 4^^ S#cor>A O'fdi.e'r :Pof,^Jleir shift" . 
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a set of four sextets corresponding to four distinct sites 
57 

of Fe. These four sites observed at the higher temperatures 
appear to correspond to the same four sites observed at 
80 and 293 K and have been discussed earlier. Our results 
further indicate that there is no change in the lattice 
ordering of the SDl sample as the temperature is raised 
upto 800 K. The lines of the Mdssbauer spectra recorded 
at 700 and 800 K show smaller line-broadening and this 
behaviour could be caused by the effect of conduction 
electron polarization. The temperature dependence of the 
hyporfino magnetic field, for the four sites (Table 

5.4) is shovm in Fig. 5.7 and it shows that the value of 
H. . decreases with temperature for all four sites. It is 
further observed that the decrease in is smooth in 

tho case of sites I and III but a small discontinuity at 
about 700 R is observed in the case of sites II and III. 

Tho reason for this behaviour at 700 K is not clearly 
understood. 

It is further rioted that in the temperature range 
80-800 K no quadrupole splitting is observed in any of 
the four sextets. This behaviour is understood in the 
light of observation made by Lesoille and Gielen [18] 
who have reported that the DO 3 type structure does not 
show any quadrupole splitting because of the special 
relationship between the direction of effective magnetic 



Table 5.4 


iviossoauer parameters (measured in the temperature ranae 380“ 
926 K) for sample SDl. 


Tempe- 

rature 

T(K) 

Site 

I.S. 

(a) 

H. . 
int 

(b) 

r 

(c) 

Area 

ratio 

(d) 

Assignment 

(e) 

300 

I 

-0.05 

319.0 

0.28 

1.0 

(8 nn + 6 nnn) Fe 


II 

0.01 

301.7 

0.48 

2.40 

8 nn Fe + 6 nnn Si or 
(Ni, Al) 


III 

0.12 

231.0 

0.48 

1.90 

[4Fe and 4Si or (Ni,Al)] 
nn + 6 nnn Fe 


IV 

0.01 

277.1 

0.35 

1.23 

[6Fe and 23i or (Ni,Al)] 
nn + 6 nnn Fe 

486 

I 

“0.12 

302.6 

0.28 

1.0 

Same as for 380 K. 


II 

“0.07 

284.0 

0.48 

2.11 



III 

+0.05 

217.7 

0.48 

1.94 



IV 

-0.08 

262.9 

0.35 

1.12 


60U 

I 

-0.15 

280.2 

0.28 

1.0 

Same as for 380 K 


II 

-0.12 

259.2 

0.48 

2.90 



III 

-0.01 

198.5 

0.48 

2.60 



IV 

-0,12 

240.3 

0.34 

1.40 


7ai 

I 

-0.20 

249.1 

0.28 

1.0 

Same as for 380 K. 


II 

-0.18 

222.4 

0.32 

1.44 



III 

-0.07 

167.8 

0.38 

1.20 



IV 

-0.14 

196.8 

0.30 

0.78 


800 

I 

-0.41 

223.0 

0,28 

1.0 

Same as for 380 K 


II 

-0.33 

197,7 

0.34 

1.65 



III 

—0. 32 

142.2 

0.39 

1,55 



IV 

-0.33 

174.4 

0.32 

1.20 


92 6+ IK 


-0.30 

- 

0.92 

** 

Single paramagnetic line 


Tal'"is 
(b) H 


T^dmtTr^shTfT^ 'Values 'In mm s-^with respect toj,a-Fe 


Typical error is + 0,01 mm s"l 

57 

Internal magnetic field at 
of kOe, Typical error is + 

(c)r(FWHM) w Width of the spectral line 


int 


(d) and (e) 


Typical error is + 
as in Table 5.3, 


0.01 mm s“l. 


Fe nucleus 
5 kOe. 

values in mm 


in units 


s » 
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look at Fig. 5.8 shov-'S that the value of IS for each site 
decreases much faster between 700 and 800 K than the 
previous rate between the range 300-700 K. This behaviour 
appears preliminary to the changes in the conduction 
electrons and electronic structure occuring at 926 K. 

3ased on the least-squares-fitting (using the 
computer program) we had proposed above the existence of 
four distinct sites in the Super Sendust sample. To 
confirm this pointy determined the magnetic field 
distribution, P(H}, using Window's method discussed in 
Chapter 2. These distributions for the sample SDl in the 
temperature range 80-900 K are shown in Fig. 5.9. It is 
seen that each of these distribution curves consist of 
four peaks which confirm the existence of four sites. 

The distribution corresponding to 900 K shows three peaks 
but WG feel that one of them is a composite peak. The 
average value of the magnetic field, -H, corresponding to 
each Site was calculated using the expression 


H 


i=l 


(5.1) 


where N denotes the nuiaber of points used In the range 
H„. < H. < H . The value of and for each 

site was determined with the help of Mossbauer parameters 
obtained by least-squares-curve fitting. In our computa- 

2,0 to 25. ' ■■ ■ 


tions N ranged from 
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Table 5.5 . Various parameters related to the P{H) distri- 
bution obtained for SDl in the temperature 
range 80-900 K. 


Tanpe- 

rature 

K 

Site 

Average value of 

|-| h 

^min “ ^max 

■‘‘n. kOe 

2 

X 

80 

I 

335,0 

300 - 400 

4.16 


II 

270.0 

275 - 375 



III 

145,0 

200 - 275 



IV 

218.0 

225 - 325 




380 

I 

II 

III 

IV 

316.0 

241.0 

126.0 

192.0 

250 - 350 

225 - 300 

150 - 225 

175 - 275 

6.71 

486 

I 

301.0 




II 

231.0 

Same as 380 K 

5.17 


III 

126.0 




IV 

168.0 



600 

I 

274.0 




II 

232.0 




III 

120.0 

Same as 380 K 

4.82 


IV 

168.0 



700 

I 

268.0 




II 

221.0 

Same as 380 K 

3,42 


III 

113.0 




IV 

167.0 



800 

I 

283.0 

250 - 325 



II 

216.0 

225 - 300 

7.18 


III 

107.0 

150 - 225 



IV 

159.0 

175 - 275 


900 

I 

183.0 

225 - 325 




II 

116.0 

175 - 275 

6.58 


III+IV 

83.0 

150 - 250 
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The shape of the magnetic field distribution curve, 
P(H), corresponding to spectra measured at 80 and 293 K 
appear similar (rig. 5,9) with peak corresponding to 
H 326 kOe showing maximum probability. This peak is 
attributed to the site I while the assignments of other 
peak to the remaining sites is indicated in the figure. 

As the temperature is raised, the relative intensities of 
different peaks change, with the peaks having lower H 
occuring with greater probability than before. At 800 K 
the relative probability is maximum for the peak corres- 
ponding to site II (characterized by H = 216 kOe), The 
change in the shape of P(H) as a function of temperature 
is attributed to the changes in the strength of the 
magnetic interaction which, in turn, is caused by the 
fast spin fluctuations occuring at higher temperatures. 

The value of the average magnetic field H, the limits 

and H „ for each site in the temperature range 80-900 K 
rn3X 

are listed in Table 5.5. At 900 K, the Mossbauer spectrum 
collapses into fewer spectral lines and the P(H) curve 
shows three peaks. Out of these three peaks, the peak 
corresponding to H = 83 kOe appears broader and we have 
considered it to be a composite peak due to site III and IV. 

5.4 SUiVtAARY AND CONCLUSIONS 

Super Sendust alloy having a composition 2.96 vJt/> Ni, 
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5,0 wt X Si, 3.87 wt /•> A1 and 88.17 wt Fe was investigatGd 

by X~ray diffraction and Mo’ssbauer spectroscopy. The 

X-ray diffraction spectrum reveals that the quarternary 

alloy has DO^ type structure with a lattice constant of 

5.6740 Mossbauer spectroscopic studies carried out 

over the temperature range 80-296 K shows four clear 

sextets in the range 80-800 K. These four sextets arise 
57 

out of Fe at four different sites and the possible 
assignment of these four sites is suggested. Further the 
M6ssbauer spectra measured in the range 80-800 K suggest 
that the Super Sendust alloy maintains DO^-type structure 
from 80 K to 800 K. Beyond 800 K the Mossbauer spectrum 
changes and shows a paramagnetic line at 926 K, thus 
indicating that the magnetic ordering temperature T = 

926 K, Line broadening of the sextets in the temperature 
range 80-800 K can be understood in terms of possible 
configuration of atoms. The work reported by us on the 
Super Sendust alloy is by no means conclusive. However 
it has indicated the interesting properties of this high 
permeability material. We feel that further studies of 
this material (e.g. Mossbauer spectroscopic studies for 
other composition, neutron diffraction NMR and other 
studies etc.) should be carried out to understand the 
electronic properties of Super Sendust alloy system. 
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